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resumo 
 
 
A glândula mamária desenvolve-se maioritariamente após o nascimento. O seu 
desenvolvimento é regulado por alterações hormonais que ocorrem em diferentes 
etapas da vida reprodutiva adulta como puberdade, gravidez, lactação e involução.  
A necessidade de renovação do tecido epitelial devido a contínua remodelação do 
tecido sugere a existência de células estaminais mamárias (MSCs), que podem suportar 
ciclos contínuos de proliferação e diferenciação e apoptose. As MSCs demonstraram 
várias semelhanças com os tipos de cancro da mama com pior prognóstico e têm sido 
alvo de vários estudos, uma vez que o estudo do seu programa de diferenciação pode 
contribuir para um melhor entendimento do desenvolvimento e progressão tumoral.  
Várias proteínas envolvidas no metabolismo e sinalização lipídica parecem estar 
altamente reguladas durante a diferenciação das MSCs em diferentes linhas celulares. 
As proteínas e os fosfolípidos (PLs) estão ambos presentes na membrana celular. 
PLs são um grupo bastante diverso de biomoléculas essenciais para a manutenção da 
integridade estrutural celular e sinalização celular. Alterações em lípidos particulares 
pode refletir alterações na atividade metabólica e/ou ambiente, o que afeta a sinalização 
celular.  
Assim, o objectivo deste trabalho foi utilizar uma abordagem lipidómica para analisar o 
perfil fosfolipídico de células epiteliais mamárias em diferentes estágios de 
diferenciação (MSC, pré-diferenciação e diferenciação funcional) para identificar 
espécies moleculares associadas a alterações no metabolismo dos PLs.  
Para atingir este objectivo foi usada uma abordagem lipidómica que combinou 
cromatografia de camada fina (TLC) e cromatografia líquida de alta resolução (HPLC) 
com espectrometria de massa (MS). Esta abordagem permitiu a identificação e 
quantificação de uma grande variedade de espécies de PLs.  
Os resultados obtidos neste trabalho demonstraram que a fosfatidiletanolamina (PE) 
apresenta um aumento em conteúdo relativo com a progressão para a diferenciação, 
enquanto que para as outras classes de PLs não se observaram alterações significativas 
quando comparados os três estágios de diferenciação. Além disso, apesar de as espécies 
moleculares observadas serem as mesmas para os 3 tipos de células, foram encontradas 
diferenças nas abundâncias relativas de algumas espécies moleculares de 
fosfatidilcolinas, PEs, fosfatidilinositois e fosfatidilgliceróis entre os estados de 
diferenciação.  
Esta análise pode contribuir para uma melhor compreensão do processo de 
diferenciação de células epiteliais mamárias e da sua susceptibilidade ao 
desenvolvimento de cancro da mama.  
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abstract 
 
The mammary gland develops mainly after birth. It’s development is regulated by 
hormonal changes that occur at different stages of the adult reproductive life such as 
puberty, pregnancy, lactation and involution. The need of renovation of the epithelial 
tissue due to continuous tissue remodeling, suggest the existence of mammary stem 
cells (MSCs), which can support continuous cycles of proliferation, differentiation, and 
apoptosis. MSCs show several similarities with breast cancer types with worse 
prognosis and have been a target of several studies, as study of their differentiation 
program may provide better understanding of tumor development and progression. 
Several proteins involved in lipid metabolism and lipid signaling seem to be highly 
regulated throughout differentiation of MSCs into different epithelial lineages. Proteins 
and phospholipids (PLs) are both present in the cellular membrane. PLs are very 
diverse group of biomolecules essential for the maintenance of cellular structure 
integrity and cellular signaling. Changes in particular lipids may reflect alterations in 
metabolic activity and/or environment, which affect cellular signaling.  
Thus, the aim of this work was to use a lipidomic approach to analyze the phospholipid 
profile of mammary epithelial cells in distinct differentiation stage (MSC, pre-
differentiation and functional differentiation) in order to identify molecular species 
associated to changes in PL metabolism. To achieve this goal we used a lipidomic 
approach that combined thin layer chromatography (TLC) and high performance liquid 
chromatography (HPLC) with mass spectrometry (MS). This approach allows the 
identification and quantification of a great variety of PL species. 
The results obtained in this work indicate that phosphatidylethanolamine (PE) show an 
increase in relative content with the progression to differentiation, while in the case of 
the other PL classes no significant changes were observed, when comparing the three 
types of cell. Besides, though the molecular species observed were the same for the 3 
cell types, differences in the relative abundance of some molecular species of 
phosphatidylcholine, PE, phosphatidylinositol and phosphatidylglycerol, presented 
between differentiation states, were detected. This analysis can contribute to a better 
understanding of the process of differentiation of mammary epithelial cells and their 
susceptibility to the development of breast cancer. 
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I. Introduction 
 
1. Mammary Gland 
 
The mammary gland is an exocrine gland and its major function is the production 
of milk for the newborn. However, the evolution of this gland takes place in defined 
stages: embrionary, pre-pubertal, pubertal, pregnancy, lactation and involution. Its 
development occurs predominantly after puberty, contrary to most other organs. This 
process is determined by peptic and steroid hormone control. Once the gland is established, 
there are proliferation, functional differentiation and alveolar epithelium proliferation 
cycles in each reproductive cycle [1].  
At the time of birth a small rudimentary epithelial ductal network largely 
constitutes the mammary gland. Once puberty is achieved a phase of cellular proliferation 
takes place, potentiated by hormones such as estrogen and progesterone. This allows the 
elongation and lateral ramification of the ducts. During pregnancy there is another 
proliferation phase and terminal differentiation of the cells. The ducts ramify into 
sequential smaller unities that end up in lobules. These are constituted by alveolus that 
consist in secretory epithelial cells. All of these transformations originate a lobule-alveolar 
compartment that along with the ramified ductal system constitutes the mammary 
epithelium. Full gland maturation and functionality is achieved during lactation. A 
continuous layer of contractile myoepithelial cells surrounds the ducts. There is a grid of 
myoepithelium in the alveolus that in response to the oxytocin stimulation contract and 
cause milk release [1]. Figure 1 aims to represent the morphologic alterations that take 
place in the mammary gland through its development.  
 
Figure 1 - Representation of the structural differences of the mammary gland during the 
development of the mammary gland.  Starting in puberty, cellular proliferation phase elongates and 
ramifies the ducts, until a wide ductal network is achieved. With pregnancy there is the lobule formation, 
constituted by alveolus. Full alveolus maturation is achieved in lactation. (Adapted of [1]). 
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After breastfeeding, the mammary gland goes through involution. It is a stage of 
cellular death and tissue remodeling in which the gland returns to a pre-pregnancy 
morphology [2]. These alterations repeat themselves at each pregnancy cycle. Furthermore, 
in response to the estrogen and progesterone levels the mammary epithelium of the gland 
of and non-pregnant adult increases and decreases with each ovulatory cycle [3].  
The mammary gland relies on 2 cellular compartments for its development: stroma 
and epithelium [1]. Stroma (or mesenchyme) is formed by stromal (or mesenchymal) cells 
that are characterized by a free organization in the extracellular matrix and constitute the 
connective tissue adjacent to the epithelium [4]. The epithelial cell is originated in the 
epithelium.  
 
 
1.1. Mammary Epithelial Cells 
 
Three distinct epithelial cells compose the mammary gland: luminal ductal, luminal 
alveolar and myoepithelial cells. The first ones form the inner layer of cell that delineates 
the ducts. Alveolar cells are the producers of milk during lactation. Finally, myoepithelial 
cells surround the luminal cells and have contractile properties (Figure 2). 
 
 
Figure 2 – (A) –Representation of the mammary gland and structures that constitute it; (B) 
Schematic representation of the ducts and lobules of the mammary gland; (C) Schematic view of the 
ductal, alveolar and myoepithelial cells. (Adapted from [5]).  
 
During differentiation cycles the mammary gland needs elevated tissue renovation. 
Together with the homeostasis of the normal tissue, this evidenciates the existence of a 
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mammary stem cell (MSC) and progenitor cells. It is proposed that these have originated in 
self-renovating MSCs ( Figure 3) [3].  
 
Figure 3 - Scheme of the hierarchy of the mammary epithelium. Mammary tissue is composed 
by three distinct epithelial subtypes and develops hierarchically from a common initial cell that has self-
renewal ability (Adapted from [3]). 
  
It is known that several epithelial organs result from multipotent stem cell that 
originate all the cells that, on their own, give rise to diverse cell types that constitute the 
tissue (i.e. intestine, capillary folicules) [6]. The existence of an adult stem cell in the 
mammary tissue has been demonstrated by DeOme et al in the late 50s [7]. To these cells 
are attributed three functions: to originate the adult mammary gland tissue during the 
development; to allow the huge tissue expansion and remodeling that takes place during 
the multiple pregnancy, lactation and involution cycles; and to serve as reserve for 
reparation in the case of tecidual damage, though rarely [5]. In breast, the identity of the 
stem cell remains uncertain, but has already been associated to basal (myoepithelial) cell 
markers [6]. It has been proved that it is possible to regenerate an entire mammary gland 
through cells with stem cell properties implanted on a mammary gland without the 
epithelial component (cleared fat pad) from a hosting rat [8]. In order to understand MSCs 
it is necessary to understand the more primitive stem cells, the embrionary stem cells 
(ESCs). These have a remarkable differentiation power and may originate any kind of cell 
in the completely developed adult organism. On the other hand, adult stem cells represent a 
small percentage of cells encountered in the adult organ systems where they generate the 
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specific cell types, like the skin and mammary gland, among others. The adult stem cells 
are long lasting and are usually quiescent. These originate two new cells: a new adult stem 
cell, allowing the maintenance of the stem cell reserve, and committed cells that will 
constitute the organ in question. It is thought that the adult stem cell population is 
maintained as such, by environment signals [5].  
The different mammary cells are identified by the differential expression of 
citokeratins (CKs). Luminal cells are characterized by the expression of CKs 8,18 and 19 
while myoepithelial cells express CKS 5/6, 14 and 17. However, occasionally 
myoepithelial CKs may be found in the epithelial cells [9].  
 
1.1.1. Cellular Polarity in Mammary Epithelial Cells  
 
The tubular structures formed by the mammary epithelial cell are highly dependent 
on polarized morphology, specialized cell-cell contacts and specific connections with the 
basal membrane [9]. These processes occur at the plasma membrane and are influenced by 
the lipids that constitute the membrane.  
The epithelial cells represent the foundation of most mammalian organisms. This is 
the main structure to emerge during embryogenesis. Its organization is dependent on 3 
characteristics: intercellular adhesion, mitotic fuse orientation and apical-basal (AB) 
polarity. These attributes have as functions the formation of super cellular structures; 
ensure the creation of a cellular sheet (and not a cellular aggregate) and the distinction of 
an exterior and interior cellular sheet, respectively. Construction of epithelial basic 
characteristics in animals has led to the epithelium organization in complex structures as 
the stratified epithelium, ramified tubules and alveolus containing different cell types. 
These last come from stem cell or specific cell progenitors [6].  
One of the biggest epithelium functions is the creation of a barrier between to 
biologic compartments. Other than this, the epithelial cells have important functions in 
embryonic and adult organisms. Gland secretion (i.e. salivar), nutrient caption from the 
absorving epithelium (i.e. intestine) or coordinated movements of epithelial cell during 
morphogenesis are part of these functions. The cellular base for the fulfillment of these 
roles is the polarized architecture of an epithelial cell. Epithelial cell exhibit profound AB 
polarity that is manifested by the citoplasmatic and superficial organization [10]. 
Characteristic of this polarized structure is the asymmetrical organization of the plasmatic 
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membrane. This is achieved mainly by the membranar traffic through the cytoskeleton 
over the control of signalizing molecules [11]. Thus, the plasma membrane in a polarized 
cell is subdivided into apical and basolateral (or basal) domains [10].  
The lipid and proteic apical plasma constitution is distinct from the basal 
membrane constitution. Lipid environment and/or its ability to recruit other molecular 
components is a requisite for the correct membrane function. Biogenesis of sphingolipids 
enriched microdomains in the membrane enables the possibility of localizing the molecular 
machinery envolved in the cellular function initiated in the membrane, i.e. signal 
transduction or cellular motility. These microdomains are relatively enriched in 
sphingolipids on the surface of the apical membrane but are likewise found in the basal 
surface, though in less abundance [12]. Glicerophosphatidylinositol also has important 
functions on cellular polarity. Along with its phosphorylated forms, this phospholipid is a 
key membranar traffic regulator. The subcellular location of every one of these 
phospholipids contributes to the characteristics of each organelle and regulates the traffic 
for different membrane compartments recruiting specific sets of efector proteins. Even 
though the details are distinct according to the species and cellular type, the phospholipid 
location and constitution of the cellular membrane play a vital role in regulating the 
cellular polarity [11]. Different constitution on these membrane domains gives them 
distinct function, namely the polarized ion and molecular influx and efflux and signal 
detection [6]. The two described domains are separated by specialized cellular junctions 
necessary for adhesion, communication and vectorial transport among cells and are 
responsible for epithelium morphogenesis [10]. On the other hand, lipid conferred fluidity 
in the membrane allows protein movimentations and cell-cell and cell-matrix junction 
construction. Figure 4 intends to illustrate the AB polarity in epithelial cells.  
 
Figure 4 - Representation of epithelial cells with AB polarity established. In red it is represented 
the apical domain, while green stands for the basal domain. Both domains are separated by specialized 
cellular juctions in orange. 
 
The AB polarity initiation requires the integration of several external signals as 
cell-cell contacts and basal membrane organization and composition. For the establishment 
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of AB polarity coordinated cellular responses are necessary. These may occur 
hierarquically or at the same time. In some cases the precise order of events is not well 
defined. To date the responses described include: asymmetrical location of the polarity 
regulator protein - Par3; cell-cell contact formation, phosphoinositides segregation and 
membrane identity specification; and functional position of the nuclear polarity regulators 
and cell-cell adhesions maturation. After being established the AB status is kept by 
dynamic process. In the specific case of the mammary epithelium, AB maintenance 
requires a sustained equilibrium of polarity signaling that has to be well controlled through 
the breast development phases [13].  
AB cellular polarity is established as the cells differentiate. In this way, Figure 5 
aims to illustrate the differences among differentiation state and cellular polarity.  
 
 
Figure 5 - Representation of the differentiation process. The stems cells, with self-renewal 
properties, suffer asymmetrical divisions and originate a cellular hierarchy by specialized cellular polarity 
rearrange. Like this, in the last stage of differentiation, cells present established AB polarity. 
 
Even though there have been already identified several components involved in the 
membrane organization during the cellular polarization, the way in which they interact 
among them and their actions remain uncertain [11]. Cellular polarity is fundamental in the 
development and in the physiologic functions of the organisms/tissue. This feature of 
epithelial cells is modulated by epithelial – mesenchymal transitions.  
 
1.1.2. Epithelial – Mesenchymal and Mesenchymal – Epithelial Transitions  
 
Mammary gland development takes place through the mesenchymal – epithelial 
interactions. Therefore the properties of these cell and the transformations that they suffer 
are extremely important [1]. 
Most adult tissues are formed by a series of conversions between epithelial and 
mesenchymal cells by epithelial-mesenchymal (EMT) and mesenchymal-epithelial 
transitions (MET). EMT is associated to the capability of cells to migrate to distant places 
Stem-Cell Pre-differentiated 
Cell 
Differentiated 
Cell 
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and then differentiate into several cell types during normal development but also in the 
initiation of metastases [4]. MET is the reverse process of EMT. While epithelial cells are 
characterized by their AB polarity, establishment of contact with neighbor cells by 
specialized cells and barrier functions, mesenchymal cells are loosely organized in the 
extracellular matrix and constitute the connective tissue adjacent to the epithelium. The 
transition between epithelial and mesenchymal cells is fundamental in the embrionary 
development since it involves profound phenotypic alterations such as loss of cell-cell 
adhesion, loss of polarity and acquisition of invasive and migrating properties [4].  EMT 
and MET represent a plasticity cycle that allows remodelation and diversification of the 
normal tissue during development. EMT is central in several aspects to the development of 
the mammary gland and it has been proposed has a key point in breast cancer progression. 
The plasticity of this transition permits the epithelial cell remodeling to a polarity and 
morphology state more favorable to migration. Mammary gland polarity is controlled by 
the EMT flexibility. Polarity controls the cellular organization in the mammary cells for 
the construction of a highly structured glandular architecture and admits specific cellular 
functions in these cells. During each development state the mammary epithelium suffers 
extensive remodeling. Hence, multiple polarization states coexist through the mammary 
development. Mechanisms regulating cellular polarity and plasticity only know begin to be 
known [13].  
 
2. Epithelial Mammary Cells and Breast Cancer 
 
Mammary epithelial hierarchy may serve as general picture to understand the cell 
origins of the different breast cancer molecular subtypes [14].  
Breast cancer is an extremely heterogeneous and complex disease. Heterogeneity is 
observed in the genetic expression profile and in the clinical (pathologic) presentation of 
mammary tumors. The first genetic expression study in these tumors was performed by 
Perou et al [15]. Genetic expression pattern exhibited a tendency to group in 2 central 
groups: estrogen receptor positive (ER
+
) and estrogen receptor negative (ER
-
). 
Nomenclature of the different molecular tumor subtypes was based on genetic expression 
but also on the identification of genes expressed on epithelial and myoepithelial cells of 
normal mammary gland. The gene expression typically found on the luminal epithelium 
characterized the ER
+
 group and this became known as luminal subtype. It is categorized 
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by the expression of CKs 8/18 and genes related with the activation/expression of ER. In 
the ER- group there were three distinct subtypes: the basal subtype which presented 
elevated expression of genes representative of the myoepithelial cells (i.e. CK 5/6 and 17, 
integrin β4 and laminin); Her2-positive (HER2+) subtype distinguished by the 
overexpression of HER2neu/ERBB2 oncogene; and the normal subtype. Sorlie et al [16] 
also studied this theme and have also identified the ER+ and ER- groups and the subtypes 
associated to these. However, they verified that the luminal subtype could be divided into 3 
distinct clusters according with their genetic profiles. In this way, luminal A cluster 
presents higher levels of ER expression and ER related genes whereas luminal B expresses 
a set of genes associated to the cellular proliferation and cell cycle. They further described 
a new cluster, luminal C, which is heterogeneous and presents a more aggressive evolution 
than clusters A and B. This study established a relation between the genetic expression 
profile and the prognosis associated with the different breast cancer subtypes. It is 
indicated that ER- tumors have a worse prognosis and reduced survival when compared 
with ER+ tumors [9].  
Given the characteristics of mammary tumors subtypes, a relationship between the 
different cells in the mammary epithelium and the breast cancer molecular subtypes has 
been proposed (Figure 6) [14].  
 
 
 
Figure 6 - Schematic hierarchical model of the mammary epithelial and its potential relations 
with the breast cancer molecular subtypes (Adapted from [14]). 
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Traditionally, it was considered that breast cancer would develop through genetic 
alterations that occurred in the differentiated luminal epithelial cells from the ducts. This 
theory is being challenged by the existence of MSCs with elevated differentiation 
capability to originate luminal and myoepithelial cells. A new carcinogenesis model was 
proposed in which the transformation targets are the mammary progenitor or MSCs. 
Depending on the accumulation of alterations in a specific progenitor cell and its 
differentiation stage different kinds of mammary carcinoma could result [17]. Thus, basal 
carcinomas may represent neoplasic transformations of undifferentiated cells, which 
originate carcinomas with low degree of differentiation. While HER2+ and luminal A/B 
carcinomas, generally well differentiated, might result from transformation of luminal 
progenitor or luminal differentiated cells. Though it has not been demonstrated, this model 
presents a new concept of mammary carcinogenesis that integrates different biological, 
morphological and molecular observations [9]. In 2007, Herschkowitz et al [18] identified 
a new tumoral subtype: claundin-low. This tumour type has distinctive characteristics such 
as low expression of genes involved in tight junctions and cell-cell adhesion [19].  
A better understanding of the heterogeneity of mammary tumours and of the nature 
of the cells that propagate them requires the characterization of the mammary epithelial 
subtypes that exist on the normal mammary tissue. Establishing relationships between the 
tumour groups and the normal epithelium subtypes will have strong impact on the 
development of useful diagnostics and prognosis marker as well as directed therapies[14, 
19].  
A widely used model on the study of mammary epithelial cell differentiation is the 
mouse HC11 cell line. 
 
3. HC11 Cell Line  
 
HC11 cell line has been derived, originally, from tissue of the mammary gland of 
mid-pregnant BALB/c mice [20]. These cells have retained the normal mammary epithelial 
cell characteristics and don’t originate tumor in vivo. HC11 cells differentiation may be 
induced in vitro. HC11 cells need insulin to survive and in the indiferenciated state (similar 
to MSCs or progenitor cell) they are maintained under the activation of the epidermal 
growth factor (EGF). After growing in the presence of insulin and without EGF, the cells 
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may become competent following 48h, with low serum concentration and without EGF. In 
this state, pre-differentiated cells growth respond to stimulation by lactogenic hormones 
(dexametasone, insulin and prolactin – DIP). Thus, cells differentiate functionally with the 
synthesis of milk proteins such as β-caseín, functional differentiation marker for the 
mammary gland. Figure 7 intents to represent the stimuli necessary to the differentiation 
for the HC11 cell line.  
 
 
Figure 7 - Representation of the HC11 cell line differentiation from stem cells to originate 
differentiated cell able to segregate the milk proteins.  
 
 
Due to their unique characteristics, HC11 cell are a well established in vitro model 
system for the study of signal transduction and regulation of the hormone induced growth 
during the mammary epithelial differentiation [21]. This cell line has been widely studied 
in terms of gene and protein expression. Genetic expression also attempts to relate 
mammary epithelial cells with breast cancer cells. Williams et al [22] have demonstrated 
that there are similarities among the genetic expression of HC11 mammary stem cells and 
breast cancer cells. However, there is no information regarding lipid metabolism.  
 
4. Lipids  
 
Lipids are a class of compounds with very diversified structures. They can be 
distinguished from other biomolecules by the fact that they are insoluble in water and 
soluble in organic solvents [23]. Lipids are generically defined as small hydrophobic or 
amphipathic molecules. There are several lipid classification systems based on the 
different structural characteristics of these molecules. Fahy et al [24] has proposed a 
system where lipids are classified in eight main categories: fatty acids, glycerolipids, 
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glycerophospholipids, sphingolipids, sterol lipids, prenol lipids, sacarolipids and 
polyketides. Each of these categories can be further divided in groups and subgroups as 
new lipid classes are discovered.  
Lipids are the main energy reserve, give hydrophobic environment for the 
membrane-protein interaction and are secondary messengers precursors generated by a 
variety of intracellular enzymes. Besides that, they are also fundamental in maintaining the 
cell structure integrity once they form the lipid bilayer [25]. 
 
4.1. Phospholipids 
 
Phospholipids (PL) are characterized by a polar headgroup that is connected to a 
hydrophobic molecule by a phosphodiester linkage. They may be divided into two main 
groups: glycerophospholipis (glycerol skeleton) and sphingolipids (with a sphingosine). 
The first ones have two fatty acids attached, by ester or ether linkage, to the sn-1 and sn-2 
positions of the glycerol and on the sn-3 position they have a highly polar group linked by 
a phosphodiester linkage. The group linked on the sn-3 position allows the PL 
classification into glycerophosphatidylcholine (PC), glycerophosphatidylethanolamine 
(PE), glycerophosphatidylserine (PS), glycerophosphatidylinositol (PI) and phosphatidic 
acid (PA) or glycerophosphatidylglycerol (PG) (Figure 8) [23, 24].  
 
 
Figure 8 – Representation of the generic structure of a glycerophospholipid where R represents the 
polar headgroup (R1 and R2 are the fatty acid chains in the sn-1 and sn-2 positions, respectively). 
 
The main lipid components in eukaryotic membranes are glycerophospholipids. PC 
corresponds to more than 50% of all cellular membrane phospholipids. Metabolites that are 
PA 
PC 
PE 
PG 
PI 
R 
 
 
 
 
 
 
 
 
PS 
O
O
O
R2
P
OO
OH
R
R1
O
O
  
Lipidomics of epithelial mammary cells throughout differentiation 
 
  
14 
 
  
derived from these classes are very important intracellular signaling molecules involved in 
processes such as proliferation and apoptosis [26].  
Cardiolipin (CL), also designated by diphosphatidylglycerol, is a complex 
glycerophospholipid. It is a phospholipid with a dimeric structure having four acyl groups 
and may contain two negative charges (Figure 9) [24, 27].  
 
Figure 9 - Generic structure of Cardiolipin, where R stand for different fatty acids. 
 
PEs and CLs are synthesized mainly in the mitochondria, while PCs, PIs and PSs 
are synthesized in the endoplasmatic reticulum [28].  There is a huge variability in the fatty 
acid combinations in the sn-1 and sn-2 positions of the glycerol skeleton [26]. As such, 
there are diverse molecular species of PC, PE, PI, PS and SM. The diverse combinations of 
polar groups and aliphatic chains allows the existence of more than 1000 different lipid 
species in any eukaryotic cell [29].  
With few exceptions, it is very difficult to attribute a single function to a specific 
PL molecular species. Cellular membranes contain hundreds, if not thousands, of PL’s. 
Each of these, with its individual physical and biological properties contribute to the global 
membrane properties [26]. Though initially being considered only as cellular structural 
components, PL play essential roles as signal transduction mediators [23, 30]. Among the 
functions attributed to PLs there are barrier function, support to several membrane proteins 
and modulation of their biochemical properties, and structural rearrangement during 
processes of membrane fusion (essential in membranar biogenesis and cellular division) 
[23].  
Among all the phospholipids present in the mammalian cellular membranes, PCs 
are the most abundant. PCs are organized in a planar bilayer where each PC molecule has 
an almost cylindrical molecular geometry with their lipid tails turned to each other and the 
polar headgroups in the interface with the aqueous phase.  Most PCs are composed of fatty 
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acids with a cis insaturation. This characteristic gives fluidity to the membrane at room 
temperature [28, 29].  
 Due to their relatively small headgroup, PEs assume conic molecular geometry. 
Together on the membrane bilayer, PC and PE give curvature to the membrane. This is an 
essential feature in processes such as fusion and division [28, 29]. PEs constitute about 
20%-50% of the total phospholipids, being the second most abundant PL class. This PL is 
very important for membrane fluidity, thus affecting the membrane properties. Mammalian 
cells utilize two distinct PE synthesis pathways: CDP-ethanolamine and PS 
descarboxilation. Although PE can also be produced by a base exchange reaction, by 
action of PS synthase 2, the amounts created this way are considered insignificant [31, 32]. 
Identified by Folch, in the brain, PSs are a quantitatively minor phospholipid, 
representing approximately 2%-10% of the total phospholipids. Their structure was 
established by Baer e Maurukas in 1955 [33]. PS can be formed through PC or PE by PS 
synthase 1 and PS synthase 2, respectively (Figure 10).  
 
 
Figure 10- Phosphatidylserine metabolism.  
 
PIs contain an inositol molecule as headgroup. These molecules may be 
phosphorylated in one, two or three positions of the inositol ring, thus originating the 
phosphoinositides (PIPs). Examples of these molecules are PI-3-phosphate (PI3P) in the 
endosomes, PI-4-phosphate (PI4P) in the Golgi apparatus and PI-4,5-bisphosphate 
(PI[4,5]P2) in the plasma membranes Events involving signal transduction, 
neurotransmitters and growth factors are among the signaling pathways regulated by these 
molecules [28]. 
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Benson and Maruo [34] firstly isolated PG, and it is considered to be the simplest 
glycerophospholipid. Its presence has been described in animal, plant and bacterial 
membranes, although there are big differences in the amounts present in each group. 
CLs are known to establish a great number of interactions that may be involved in 
the structural organization of biological membranes. These interactions may result on the 
segregation of microdomains. Alterations in their structure or number have been associated 
with thyroid dysfunction, aging and oxidative stress. There are still studies that indicate 
correlation from the CL content and cellular aberrant function [27]. Similar to PE, CL may 
accommodate proteins in the mitochondrial membrane and modulate their activities [29].  
 
4.2. Sphingolipids  
 
Another important lipid class are sphingolipids [29]. These are characterized by an 
esterified sphingosine with a fatty acid and are classified as sphingomyelins (SM) and 
glycosphingolipids. It’s a complex family of compounds that share a backbone an 
sphingoid base. Ceramides (Cer), phosphosphingolipids and glycosphingolipids a are 
derived from modifications on the sphingoid base (Figure 11) [24]. 
 
 
Figure 11 – Representation of the molecular structure of the main sphingolipids. 
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Sphingolipids may be divided in simple sphingolipids, as sphingosine, Cer, 
Sphingosine-1-phosphate (S1P), ceramide-1-phosphate (Cer1P) and sphingomyelin (SM), 
and complex sphingolipids, which correspond to glycosilated sphingolipids [35].  
These compounds are recognized as important cellular signaling mediators in 
cellular growth and cellular death. It is known that they play structural functions in 
regulating membrane fluidity and in the structure of subdomains of lipid bilayer [30].  
Simple sphingolipids are involved in a great number of cellular events, namely 
proliferation, differentiation, motility, growth, senescence and apoptosis.  On another hand, 
complex sphingolipids have functions related to cellular physiology like antigens, cellular 
adhesion mediators and growth factors. SMs are key constituents of biomembranes, they 
are known to be a main component of membrane lipid rafts, which participate in several 
signaling pathways. These bioactive compounds are mainly synthesized from ceramide by 
SM synthases. This enzyme is present in all mammalian cells and has also been shown to 
generate free ceramide and sphingosine in cell membranes. They are potent second 
messengers.  
Of particular interest are Cer and S1P. Intracellular Cer levels are increased in a 
great number of extracellular events and induce apoptosis. S1P acts as a primary and 
secondary messenger. On a first level it regulates processes such as cytoskeleton 
rearrangement, cellular migration, angiogenesis and vascular maturation among others. As 
secondary agent it mediates calcium homeostasis, cellular growth, tumorigenesis and 
apoptosis suppression. These two metabolites have contrary actions on the pathways in 
which they are involved. Cer is involved in cellular inhibitions and pro-apoptotic effects 
and S1P is related with cellular growth and apoptosis [35]. Tumour growth seems to be 
inhibited by Cer, but S1P promotes tumorigenesis through angiogenesis stimulation [30]. 
Sphingolipids also appear related to diseases such as cystic fibrosis, diabetes, pathogenic 
invasion, sepsis and neurologic diseases [35]. 
Hydrolysis of glycerophospholipid and sphingolipid produces another set of lipid 
messengers: lysoglycerophospholipid (LPC, LPA, LPE, LPI, LPG and LPS), PA, 
diacylglycerols (DAGs), sphingosinephosphocholine (SPC), sphingosine, Cer1P and Cer. 
Excluding PA, Cer and DAG, these compounds have only on aliphatic chain and their 
signaling function is related to membrane receptors [29]. Lysoglycerophospholipids are 
presented in Figure 12. 
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Figure 12 - Representation of the molecular structures of lysoglycerophospholipids. 
 
PA, Cer and DAG remain in the membrane and recruit cytosolic proteins. 
However, when generated in great quantities they may affect the membrane behavior [29].  
Lipids and the enzymes involved in their metabolism, as well as their targets, are 
common to several signaling pathways. In this way, major interconnected lipid signaling 
pathways are formed. Imbalances on lipid signaling pathways contribute to the progression 
of chronic inflammation, autoimmunity, allergy, arteriosclerosis, hypertension, cardiac 
hypertrophy, cancer, metabolic and degenerative diseases, among others [36]. Their 
relation with pathological situations has led to the increase of interest in lipids. As such 
these molecules are being studied as possible biomarkers, i.e. in cancer and inflammation 
[37]. Due to their importance, it is of elevated interest to deepen the knowledge and study 
of lipids and their relation and function in mammary epithelial cells, as well as 
understanding possible correlations among lipid profile and development and evolution of 
breast cancer.  
 
5. Mammary Epithelial Cells and Lipids 
 
The transformations that the epithelial cells undergo in the process of development 
of the mammary gland (AB polarity, EMT and MET), are associated with functional and 
structural alterations of the cellular membrane [38].  
Since phospholipids are the main constituents of the cellular membrane, it is 
expected that alterations in their content or composition occur with the alterations required 
in differentiation process of these cells. However, exact alterations in the cellular lipidome 
remain unknown [38]. Epithelial cells have apical and basolateral membrane domains 
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separated by tight junctions that contain a specific protein and lipid composition. The 
apical membrane is characterized by uncommon stiffness. This property is attributed 
greatly to the unique lipid composition [39]. The different composition of apical and basal 
membrane in intestinal epithelial cells is presented in Table 1.  
 
Table 1 – Lipid composition of the apical and basal plasma membrane of intestinal plasma membrane 
(Adapted from [39]). 
 
Lipids  Apical Membrane 
(mol %) 
Basal Membrane 
(mol %) 
Glycosphingolipids 37,1 ± 9,3 19,4 ± 12,6 
Phospholipids (PL) 32,1 ± 6,5 52,4 ± 12,7 
Phosphatidylcholine (PC) 8,7 ± 3,7 31,6 ± 2,0 
Cholesterol 30,8 ± 3,1 28,2 ± 3,0 
Cholesterol / PL 0,98 ± 0,13 0,61 ± 0,21 
  
Intestinal epithelial cells are the most studied epithelial cells, nevertheless the lipid 
composition in other epithelial types present a similar tendency to the described for 
intestinal epithelial cells [39]. 
There is growing evidence that the lipid composition, and PL in particular, may be 
a reliable measurement of cellular integrity and stem cell differentiation [40]. This is 
corroborated by the discovery that phospholipid composition of stem cells is altered 
significantly in apoptosis conditions.  
 There are some studies that attempt to establish the cellular lipid profile and relate 
it with breast cancer. However, these studies are performed on plasma [41]. The PC 
metabolism (Figure 13), and its products (such as choline or phosphocholine), has been 
extensively studied in the field of breast cancer research. There are, in fact, several studies 
relating alterations in choline metabolism and cancer [42-44].  
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Figure 13 – Phosphatidylcholine metabolism. Solid lines represent biosynthetic and dashed lines 
represent catabolic pathways of phosphatidylcholine metabolism. The most important enzymes are indicated 
(CDP-cytosine disphosphate; CMP-cytosine monophosphate, CTP – cytosine triphosphate; PPi – 
pyrophosphate; A – CTP:phosphocholinecytidyltransferase; B – Diacylglycerolcholinephosphotransferase; C 
– Lysophospholipase; D – Glycerophosphocholinephosphodiesterase)   
 
These studies showed that phosphocholine and total choline containing 
phospholipid metabolites levels increased as cells became more malignant. 
Phosphocholine is suggested as a possible biomarker in breast cancer. In almost all breast 
cancer cell types, phosphocholine levels were higher than in normal mammary epithelial 
cells, and it was suggested that increased phosphocholine reflects malignant transformation 
of mammary epithelial cells. Several studies address alteration in choline metabolism as an 
attempt to better understand breast cancer [42]. Questions like the expression level of 
enzymes envolved in the choline metabolism (choline kinase, phospholipase C) are raised 
to try to comprehend the enhancement of choline in breast cancer samples.  
Sampaio et al [38] recently found alterations in the membranar lipidome of an 
epithelial cell line as the membranes became more polarized. According to this work, as 
the polarization increases, the fatty acid chain of sphingolipids becomes longer, more 
saturated and more glycosylated. For glycerophospholipids they verified an increase in 
fatty acid chain length as well as increasing number of unsaturations.  
 A new study has established lipidomic profile differences in mammary epithelial 
cells and breast cancer cells [45]. They described the decrease of the PC levels in the more 
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aggressive cancer cells and also showed alterations in the PIs. Furthermore, the SM levels 
were found more increased in the cancer cells than in mammary epithelial cells.  
Most of the work in this field is related to breast cancer and its progression. As 
such, lipidomic/phospholipidic profile of mammary cells is rare. Nevertheless, these 
studies may provide information that allows identification of differences between profiles 
in the different cells. Furthermore, these may be then related to breast cancer, its pathology 
and propagation.  
 
6. Lipidomics 
 
Lipidomics is a branch of metabolomics that seeks to identify and quantify lipid 
molecular species. It also studies their interaction with other metabolites (lipids, proteins, 
etc), and their metabolic pathways. This approach allows the elucidation of the lipid 
structural properties that may elucidate their function in biologic systems and mechanisms 
associated with the alteration of lipid molecules (cardiovascular disease, Alzheimer, 
obesity). Hence, lipidomic may be assumed as an extensive understanding of the influence 
of all lipids in a biological system regarding cellular signaling, membranar architecture, 
transcriptional and transcriptional modulation, cell-cell and cell-protein interaction and in 
response to environment alterations with time. Lipids metabolism, as well as the study of 
their oxidation has become an important field of study, since it has allowed the 
understanding of pathologic processes [30].  
Lipidomics may be utilized to acquire a lipidomic profile of a biological sample, to 
analyze specific lipid molecules (by tandem mass spectrometry) and for identifying target 
lipid molecules that may serve as biomarkers [46].  
A lipidomic analysis is characterized by three steps: sample extraction from the 
biological material, analytical separation and identification and quantification [25].  
 
6.1. Lipid Extraction 
 
The first step in lipid analysis, no matter what is the next study, is the lipid 
extraction. It is a fundamental step as many lipids may not be easily extracted, due to the 
interactions they maintain with other molecules. Indeed, small modifications on the 
extraction process may lead to loss or alteration in some lipid classes [47]. Compounds 
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obtained in the lipid extract depend on the extraction method utilized. For non-polar lipids, 
non-polar solvents such as hexane are utilized. On the other hand, more complex and polar 
compounds (i.e. PLs) require more polar solvents such as methanol. Extraction methods 
are characterized by the formation of a phase separation between immiscible solvents, 
where lipids are retained preferentially in the hydrophobic phase [25]. 
Folch [48] and Bligh and Dyer [49] extraction methods were developed in the 50s 
and are still the most used procedures. In Folchs procedure it is used a 
chloroform:methanol (2:1) proportion, while Bligh and Dyer utilizes 1:2 proportion of the 
same components. This second technique may be understood as a modification to the 
Folch method. There are, however, other described methods for the PL extraction (Table 2) 
[25, 50].  
 
Table 2 – Solvent systems established for the lipid extraction of biological systems (Adapted from [47]) 
 Solvents Mixture Fitted for: 
CHCl3/CH3OH (2:1 v/v) 
“Folch Method” 
Animal and plant lipids and bacterial tissues. 
 
CHCl3/CH3OH (1:1 v/v) 
“Bligh & Dyer” 
Water rich systems, particularly body fluids. 
 (Loss of polar lipids may occur) 
Butanol saturated with water  Plant lipids 
Hexane/2-propanol 
(3:2 v/v) 
Low content of non-lipids in the extract, due to 
the solvent mixture which is highly polar.  
Chloroform / isopropanol 
(7:11 v/v) 
Erythrocytes with elevated lipid content. 
Indicated for elevated yield of lipids. 
Chloroform/methanol/ 12N HCL 
(2:4:0.1 v/v) 
Acidic phospholipid such as particular PSs and 
PIs.  
 
Nevertheless, particular tissues or fluids may require specific solvent mixtures [47].  
Purified lipid extracts are particularly susceptible to oxidation. As such they cannot be left 
in the dry state and should be dissolved in a non-polar solvent (hexane, chloroform) and 
kept at -20ºC. For short-term storage -4ºC is acceptable [25]. 
 
6.2. Lipid Separation and Analysis  
 
Once the lipid extract is obtained, separation and analysis are the next steps on a 
lipidomic approach. There are several methods that can be used in the separation and 
analysis of lipids (Table 3). 
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Table 3 – Different methods utilized in the lipid separation and analysis, its principle, advantages and 
disadvantages (Adaptation of [47]) 
Method Principle Advantages  Disadvantages  
Thin Layer 
Chromatography 
 (TLC) 
Separation is achieved 
through a stationary 
phase due to the 
differences of polarity 
of the analites.  
Cheap and Fast. 
Variations of the 
mobile phase allow the 
separation of complex 
mixtures.  
Lipid oxidation in the 
plate may occur, if this 
is kept for some time 
for the surface being 
exposed to oxygen.  
High Performance 
Liquid 
Chromatography 
(HPLC) 
Separation through a 
stationary phase under 
elevated pressure by 
different solvent 
elution.  
 
Elevated separation 
quality.  
May be coupled with 
MS.  
Takes more time and 
its more expensive than 
TLC. Saturated lipid 
detection is difficult. 
 
Gas Chromatography 
(GC) / GC-MS 
Separation of volatile 
compounds in a carrier 
gas.   
Detection often made 
by MS.  
 
Well established in the 
analysis of fatty acids.  
Analyzes only volatile 
compounds. 
Derivatization of 
compounds is 
necessary.  
 
Soft Ionization 
Mass Spectrometry 
 
MALDI and ESI allow 
the characterization of 
lipids without analito 
fragmentation. 
Both techniques are 
highly sensible and 
allow direct detection 
of the analite. Handling 
is, usually, simple.  
Ion suppression may 
occur (different classes 
are detected with 
different sensivity). 
Spectra is greatly 
affected by impurities.   
 
One of the first chromatographic techniques used in the lipid analysis, and that is 
still used, is thin layer chromatography (TLC) [51]. It is a method used routinely as an 
initial analysis of lipid mixtures [47]. In one single run it provides great information and 
allows the separation of lipids with different polarity from one initial lipid extract. 
However, it has low resolution and sensibility [25]. Another fairly used technique in 
laboratories for the lipid analysis is liquid chromatography (LC) or high performance 
liquid chromatography (HPLC). Nevertheless, the adjustment of the mobile phase 
composition to the lipid mixture may be complex [47]. Both of these methods will be 
further discussed ahead.  
Historically and traditionally, lipids have been analyzed by gas chromatography 
(GC). Yet this is a limiting method since the samples have to be derivatized and is 
essentially applied to fatty acids [25]. GC is the most used technique in the fatty acids 
analysis and quantification [47].  
Mass spectrometry is a unique analytical technique [50]. Mass spectrometry will be 
discussed upfront as it is a key methodology in the lipid analysis.  
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6.3. Chromatographic Techniques  
 
Chromatography is a very advantageous technique in the separation of mixtures. 
Every chromatographic technique is based on the separation of components through two 
phases: stationary and mobile phases. There are a great variety of chromatographic 
techniques. These are defined by the particular nature of the stationary and mobile phases. 
TLC and HPLC are part of the adsorption chromatographic techniques. Both have a solid 
stationary phase and liquid mobile phase. Adsorption corresponds to the phenom in which 
molecules are in contact with a solid adhering to the surface of that solid [52].  
Chromatographic techniques allow lipid separation and identification with a good 
yield and are sensitive and efficient. Lipid separation depends on the difference of polarity 
among lipids and relies on factors such as PL or lipid polar headgroup nature, esterified 
fatty acid chain length and unsaturation degree.  
 
6.3.1. Thin Layer Chromatography (TLC) in Lipid Analysis  
 
Developed in the 30s, by the 60s TLC was widely used in the study of lipids [46]. 
Distinguishing TLC from other physical and chemical methods of separation is that two 
immiscible phases are brought to contact, one is stationary and the other mobile. The 
sample is placed in the stationary phase and is carried by the mobile phase. The sample 
components will interact with both the stationary and mobile phases. If both phases are 
well selected, the components present in the sample will be separated into bands or spots 
[53].  Most common stationary phases are silica and alumin. Among these silica is the 
most utilized. TLC is the standard method for lipid separation according to the polarity 
differences caused by the different PL polar groups [47]. 
TLC enables the separation of a mixture of lipids on a single run. It allows the 
attainment of several information in a fast way [25].  Figure 14 aims to illustrate the 
elution of a complex lipid mixture. 
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Figure 14 - Schematic representation of a TLC separation of a mixture of simple lipids and 
phospholipids. To achieve this separation two eluents were used. Until (1) it was used a 
chloroform:methanol:water (60:30:5 v/v) mixture, and then the eluent was changed to hexane:diethyl ether: 
acetic acid (80:20:1,5 v/v). This combination was necessary given the different characteristics of the 
molecules. CE – cholesterol esters, TG – triacylglycerols, FFA – free fatty acids, C – cholesterol, PE – 
phosphatidylethanolamine, PC – phosphatidylcholine, SM – sphingomyelin, LPC - lysophosphatidylcholine 
(Adapted from [54]).  
 
One of the great TLC advantages is that lipid fractions thus separated may be 
directly visualized by the binding of a dye [47]. Spot visualization with primuline and UV 
light developing is one of the most used methods nowadays. After visualization and 
identification of different spots by comparison with standards, the lipid in each spot may 
be extracted from the silica using appropriated solvents and analyzed by mass 
spectrometry.  
TLC is convenient and simple, equipment that is needed is rather inexpensive and 
consumes small amounts of reagents [47]. 
 
6.3.2. High Performance Liquid Chromatography (HPLC) in Lipid Analysis 
 
HPLC is routinely used in the lipid analysis. Usually to separate lipids before a 
mass spectrometry analysis, being the most widely used separation technique in lipidomics 
[46]. This technique is characterized by good reproducibility and elevated resolution. 
Another key point of this method is the fact that its system is isolated from the 
environment, which may reduce the contact of the sample with air thus decreasing or 
avoiding lipid degradation and oxidation [46]. Like in TLC, separation depends on factors 
such as fatty acid chain size and unsaturation degree. Solvent mixtures usually contain 
  
Lipidomics of epithelial mammary cells throughout differentiation 
 
  
26 
 
  
alcohols (methanol or isopropanol), acetonitrile, hexane, chloroform and water. HPLC is 
characterized by good reproducibility and resolution [23]. 
PL analysis by HPLC was improved in last few years by its coupling with 
electrospray ionization mass spectrometry. The increase in sensitivity and ease of analysis 
has led to fact that liquid chromatography coupled with electrospray ionization mass 
spectrometry is now a favorite approach in the PL analysis [26]. 
   
6.4. Mass Spectrometry (MS) 
 
Mass spectrometry (MS) is based on the ion separation according to their 
mass/charge (m/z) ratio. An ion source, one or more analyzers and an ion detector form a 
basic mass spectrometer. The sample ions are produced on the ion source and then are 
separated according to their m/z value by a mass analyzer. Finally, the separated ions reach 
the detector, where they are collected and produce a signal with proportional intensity to 
the number of ions detected [25]. Data generated by the mass spectrometer are represented 
by a spectrum. The X-axis corresponds to the m/z ratio of the formed ions and in the y-axis 
is represented their relative abundance (Figure 15).  
 
 
 
Figure 15 - Schematic representation of unities that compose a mass spectrometer. Inlet, ion 
source, mass analyzer and detector. At the end of the analysis, a mass spectrum is obtained. (Adapted de 
[25]). 
 
Mass spectrometers work in vacuum (10
-5
-10
-7
Torr). This is extremely important 
since it avoids reactions between ions. [50].  
Over the years there have been several ionization methods. Firstly developed mass 
spectrometers involved electron impact (EI) methods. These techniques produced elevated 
fragmentation and demanded that the analyzed molecules were volatile [25]. In order to 
solve the difficulties associated with these ionizations methods, the so-called soft 
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ionization techniques were later developed. These do not cause fragmentation and produce 
characteristic [M+H]
+
 ions and [M-H]
- 
ions in positive and negative modes respectively. 
However, [M+X]
+
 and [M+X]
-
, where X=Na, Li in the positive mode and X=Cl in the 
negative mode. [25]. Fast atom bombardment (FAB), electrospray ionization (ESI) and 
matrix assisted laser ionization/deadsortion (MALDI) are soft ionization methods.  
FAB-MS development revolutionized the lipid analysis [51]. It has made possible 
to analyze lipids, namely PLs, as intact molecules. In this way, information related to their 
chemical structure is maintained. Several studies have applied FAB-MS to analyze the 
structure of intact lipids (MW>400). Though it is very useful in the lipid investigations, the 
matrix utilized created great chemical background because ions resulting from the 
ionization of the matrix are formed.  This limits sensibility, especially in species of low 
molecular weight [25].  
ESI-MS has suppressed some of the problems associated to FAB, such as 
complicated spectra with the matrix ions. This technique introduced a new level of 
sensibility in lipid detection [51]. ESI was developed by Fenn et al [55] in 1989. This 
method relies on the spray formation, after the sample has been dissolved in an appropriate 
solvent. The sample goes through a metal needle, utilizing a syringe pump, and high 
voltage is applied to the needle. The high voltage applied will give charge to the molecules 
present in the solvent and sample, thus creating a spray of electrically charged droplets. 
These will go through new division. The solvent will gradually evaporate, assisted by 
nitrogen gas, until there are only there are only charged molecules of the sample. 
Accordingly to the chemical characteristics of the molecules both positive ([M+H]
+
) and 
negative ions ([M-H]
-
) can be formed. It has become the method of choice in the study of 
complex lipid mixtures [25]. Being a soft ionization method, it rarely destroys the chemical 
nature of the analyte before the mass analysis [30]. It is a useful procedure in the analysis 
of polar lipids such as PLs and sphingolipids an also in lipids (diacylglycerols and 
triacylglycerols) [25].  
MALDI has been successful utilized in lipid analysis [25, 30]. Still, the matrix may 
affect the resulting spectra resulting from ionization of the matrix. Fast acquisition of 
spectra is the great advantage of MALDI [25]. 
After ionization, the ions are separated through their m/z ratio by a mass analyzer. 
Most used analyzers in lipids are: quadrupoles (Q), ion trap (IT) and time of flight (TOF). 
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Several combinations such as Q-IT, QQQ and Q-TOF can be utilized. Different analyzers 
have different characteristics like m/z range, sensibility and resolution [25, 50] (Table 4).  
 
Table 4 – Resume of the characteristics of the different mass analyzers. 
Analyzer m/z limit Resolution Cost 
Quadropole 10
3
-10
4 
10
3
-10
4
 € 
Ion Trap 10
4 
10
4 € 
Time of Flight 10
6 
10
3
-10
4
 €€€ 
 
Quadrupoles (Q) are found to be the relatively inexpensive, easy to use and provide 
reliable results. Nevertheless, their resolution is limited and, their upper m/z limit is around 
3000 and transmission decreases linearly. Four parallel rolls constitute a Q. These are able 
to apply a current that affect the trajectory of the ions that pass in the center of the four 
rolls. The current applied in these rolls allows the selection of the m/z range transmitted. 
As such, for some voltages only a set of ions with a particular m/z are transmitted and Q 
acts as a filter [56].  
Linear ion trap (IT) acts as three-dimensional field where the ions are retained. A 
stability diagram defines which ions will be transmitted or not. Ions whose coordinates are 
found to be in the diagram and whose kinetic energy is lower than the potential of the 
device will remain kept in the trap. To force the ions to leave, a voltage is applied, and as 
ions meet all of the conditions described by the stability diagram they are ejected from the 
trap to be detected [56].  
The principle behind time of flight (TOF) analyzers is the time that an accelerated 
ion takes to reach the detector. For different mass values there will be a different time of 
reach. Ions are accelerated by a pulse of electric field and then go through a flight tube. In 
this manner, for two given ions with the same energy (induced by the acceleration) their 
velocity will be inversely proportional to the square root of their masses. Thus, lighter ions 
will reach the detector faster than ions with bigger mass [56].  
Following signal acquisition by the mass analyzer, it has to be detected by a 
detector. These are broadly classified in two groups: direct measurement and multiplier 
detectors. Direct measurement detectors will detect the charge in the moment it reaches the 
detector. Plate detector and Faradays cup are examples of those detectors. On the other 
hand, multiplier detectors increase the intensity of the signal detected by the use of an 
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electron multiplier. These include multiplier detectors and electronic channel multipliers. 
The information recovered in detectors is then integrated by a computer and transformed 
into a mass spectrum [56]. 
 
6.4.1. Tandem Mass Spectrometry – MS/MS  
 
Mass spectrometers with more than one analyzer (i.e. QqQ) may analyze the m/z of 
ions on the first analyzer, select an ion of interests that goes into a collision cell and 
analyze the fragmentation products on a second analyzer. The QqQ configuration indicates 
that there are 2 quadropole analyzers and q is a collision cell. This correspond to a process 
designated by collision induced dissociation (CID), tandem mass spectrometry (MS/MS) 
or product ion scan (Figure 16)[30].  
 
 
 
Figure 16 – Schematic representation of the MS/MS process. 
 
In this technique, after choosing the ion(s) of interest they pass through a collision 
cell. From collision with a gas results the fragmentation of the ion of interest. The products 
thus obtained are analyzed by their m/z ratio. 
There are several MS/MS techniques, however the most widely utilized are: 
product ion scan, precursor ion scan and neutral loss analysis. In product ion scan a first 
analyzer sets a specific m/z value and only ions with that value are passed to the second 
analyzer, a collision cell. Then, the ion is fragmented and the products of its fragmentation 
are separated by their m/z ratio. Combining the information of the precursor ion and its 
fragments, structural information is achieved. The second technique, precursor ion scan, 
relies on the analysis of a specific fragment from the initial ions. As such, in the first 
analyzers there is free passage of all ions, and all pass to the collision cell. The third 
analyzer is set for a specific m/z value for a fragment formed in the collision cell. This 
allows the identification of the ions that produce a specific fragment. Finally, the neutral 
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loss analysis of fragments corresponds to the loss of neutral molecule with a given 
molecular weigh between the first and third analyzers. Thus, only ions that suffer the loss 
of a given mass when fragmented are analyzed [30].  
Precursor ion scan and neutral loss analysis are only possible in instruments with 
QqQ or QqTrap configuration. Figure 17 aims to illustrate the differences among the three 
techniques.  
 
Figure 17 - Representation of the different MS/MS techniques. (A) product ion scan; (B) 
precursor ion scan; (C) neutral loss (Adapted from [30]). 
 
The processes described refer to spacial MS/MS, where several sequential analyzers 
are necessary. However, MS/MS analysis may be accomplished in one single analyzer if 
the analyzer is an IT, where all the processes occur in the same device.  
 
6.4.2. Mass Spectrometry and Phospholipids  
 
MS emerged as a powerful tool for quality and quantitive analysis of complex PLs 
and sphingolipids (i.e. PC and SM) [51].  Sensitivity, selectivity and speed combined have 
turned MS into an ideal technique for the PL analysis. Most of the molecular species 
existing in the cellular lipid classes may be detected in a single run of the total lipid extract 
[50].  
MS analysis of PL allows the determination of molecular weight of these 
compounds. On the other hand, a certain ion at a given m/z value can be analyzed by 
MS/MS. In this way, structural information of a particular PL can be achieved. 
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Fragmentation obtained by MS/MS reveals information about polar headgroup and fatty 
acyl composition. In this way it is possible to identify the PL class and structure [30, 50, 
51]. 
Several different PL classes may be detected utilizing ESI. On the positive mode it 
is possible to find PCs, PSs, PEs and SMs forming [M+H]
+
 ions. However, depending on 
the ions in solution ions such as [M+Na]
+
, [M+Li]
+
 and [M+K]
+
 may also appear. 
Conversely, on the negative mode it is possible to observe PIs, PSs, PGs, PAs, Cers, PEs 
as [M-H]
-
 ions. It is also possible to identify lysophospholipids (LPA, LPI, LPS and LPG) 
[50].The different PL classes have characteristic fragmentations that allow their 
identification. Table 5 presents the typical fragmentations for PLs and SM.  
 
Table 5 - Typical PL and SM fragmentation in MS/MS.  
Class Mode Fragments 
SM Positive (+) Precursor m/z 184 
PA Negative (-) Precursor m/z 79 
PC Positive (-) Precursor m/z 184 
PE 
Positive (+) 
Negative (-) 
Neutral loss 141 Da 
Precursor m/z 196 
PI Negative (-) Precursor m/z 241 
PG 
Positive (+) 
Negative (-) 
Neutral loss 172 Da 
Neutral loss 74 Da 
PS 
Positive (+) 
Negative (-) 
Neutral loss 185 Da 
Neutral loss 87 Da 
 
MS/MS experiments of choline compounds (PC and SM), result in a characteristic 
ion at m/z 184 peak which corresponds to the phosphocholine polar headgroup and a [M-
59]
-
 ion corresponding to the neutral loss of (CH3)N. All the PCs in a sample can be 
identified with an analysis of precursor ion scan of 184. 
 PE may ionize in positive and negative mode. Its fragmentation in the positive 
mode results in a peak at [M+H-141]
+
, equivalent to the neutral loss of the 
phosphoethanolamine headgroup. MS/MS analysis of PE in the negative mode may 
provide information about its fatty acids by the observation of ions R1COO
-
 and R2COO
-
 
on the spectrum. 
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 PS fragmentation on the positive mode produces an ion correspondent to the 
neutral loss of the phosphoserine headgroup [M+H-185]
+
 and [M-H-87]
-
 on the negative 
mode. 
 Tandem mass spectrometry analysis of PG originates [M+H-171]
-
 in the positive 
mode. While for PIs, in the negative mode, there is a characteristic m/z value of 241 
correspondent to the dehydrate head group [51].   
Information about the lipid and/or phospholipid profile of mammary epithelial cells 
is scarce. However, its analysis is essential to understand process such as cell 
differentiation and its possible relation with breast cancer.  
Objective  
 
The present work aims to analyze the phospholipid profile of mammary epithelial 
cells of a cell line in different stages of differentiation. The stages of differentiation in this 
study correspond to proliferating cells (stem cell-like – SC-L), pre-differentiated cells (Pre-
DIF) and fully differentiated cells (DIF) of the HC11 cell line. To fulfill these objectives it 
will be used a lipidomic approach, combining separation techniques (TLC and HPLC – 
MS) in the analysis of the selected samples.  
 II 
Materials 
and Methods 
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II. Materials and Methods 
 
1. Cell Culture and Extraction 
 
To accomplish this work we used a non-tumorigenic mouse mammary epithelial 
cell line HC11 in three different stages of differentiation, corresponding to stem-cell like,  
pre-differentiated and functionally differentiated cells. The cells were routinely grown in 
complete medium (RPMI 1640, 10% fetal bovine serum (FBS), 5 μg/ml insulin, 10 ng/ml 
EGF, and 50 μg/ml gentamicin). Proliferating cells (SC-L) were obtained under these 
conditions. When cells became confluent, the medium was changed to a low serum 
concentration and without EGF (RPMI 1640, 2%FBS, 5 μg/ml insulin, and 50 μg/ml 
gentamicin) and competent cells (Pre-DIF) were obtained after 48 h of growth in this 
medium. To induce differentiation of Pre-DIF cells, they were treated for 72h in a medium 
without EGF containing 100nm dexamethasone and 1μg/mL ovine prolactin (DIF-
treatment). 
To detache cells, trypsin 5 – 6ml of trypsin (Invitrogen) was added and left for ± 3 
min at 37ºC. After verifying that all the cells were detached, cells were removed and 
placed in a 50 ml falcon tube to which the same volume of PBS (10-12 ml) was added. The 
dishes were washed with 10 ml of PBS to recover some cells that were still in the dishes. 
Then, 100 μl were separated to an eppendorf, to count the amount of cells, to witch 900 μl 
of water were added and 1 mL for protein quantification. In order to confirm that lipid 
content per cell was similar in the different types of cells, tripsinized cells were counted in 
a Neubauer chamber before the lipid extraction.   
2. Protein Quantification by the DC Method 
 
The protein quantity in the sample was determined by the DC method for proteins 
(BioRad). Protein concentration was used to normalize the data and compare the lipid and 
protein quantity from each cell. 1 mL of sample was separated in the cell extraction. This 
amount was centrifuged at 10 000 rpm for 2 minutes. The supernatant was discarded and 
the pellet ressuspended in 50 μL of PBS-TDS (PDS with SDS 0,1%, TritonX-100 1% e 
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NaDeoxycholate 0,5%). The sample was again centrifuged at 10 000 rpm for 2 min and the 
supernatant retrieved for a new tube. Twenty μL of S reagent form BioRad Kit were added 
to 1 mL of A reagent, to form A’ reagent. Following this, 10 μL of the sample were 
separated to a new eppendorf and 50 μL of A’ reagent and 400 μL of B reagent were 
added. Solutions of bovine serum albumin (BSA) were prepared between 0,3 and 5 
mg/mL, which were treated in the same way as described for the samples. Finally, the 
absorbance of both samples and standards was measured at 750 nm.  
 
3. Lipid Extraction 
 
The total lipid extract was obtained from the cell lines using the Bligh and Dyer 
method [49]. Chloroform and methanol were used as solvents, and also purified mili-Q 
water. For each 1 mL of total lipid extract, 3,75mL of the mixture chloroform/methanol 1:2 
(v/v) were added and incubated in ice for 30 minutes. Then, as the next step, we added 
1,25 mL of chloroform and, at last, 1,25 mL of H2O mili-Q. The samples were subjected to 
vortex and then centrifuged at 1000 rpm for 5 minutes at room temperature. In this manner, 
it was achieved a biphasic system: a superior aqueous phase and an inferior organic phase. 
The organic phase, in chloroform, contains the lipids. This phase is separated into a new 
tube, dried with nitrogen flow and ressuspended in 300 μL of chloroform. Thus, the total 
lipid extracts are ready for analysis. 
 
4. Thin Layer Chromatography  
 
The PL classes of the total lipid extract were separated by thin layer 
chromatography (TLC) using silica gel plates with concentration zone 2,5x20cm (Merck). 
Previously to separation, the plates were washed with a mixture of methanol/chloroform 
1:1 (v/v) and left to dry for 15 minutes in the safety flow hood. The next step was to spray 
the plates with boric acid (2,3% m/v) (DHB chemicals) and dried in at 100ºC for 15 
minutes. Aliquots of 20 μL of PL solution in chloroform (150 μg/ 100μL) were applied in 
the silica plate, and then dried by nitrogen current. The plates were developed with a 
solvent mixture containing chloroform, ethanol, water and triethylamine in a proportion of 
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30:35:7:35 (v/v/v/v). After elution, the plates were left to dry in the safety flow hood until 
being completely dry. To see the lipid spots, the TLC plates were sprayed with primuline 
solution of 50 mg/100 mL dissolved in a mixture of acetone and mili-Q water (80:20 v/v), 
then visualized under UV light (I=254nm).  
The identification of different PL classes was achieved by the use of standard 
solutions (LPC, SM, PI, PS, PE, PA, CL) (Avanti Polar Lipids, inc) applied an eluted side 
by side to the samples in the TLC plates.  
The lipid spots corresponding to the samples were marked and then scraped to test 
tubes to proceed to the phosphorous quantification, in order to calculate the total PL 
quantity percentage in each class in the sample.  
5. Phospholipid Quantification by Phosphorous Assay 
 
The total lipid extract and PL classes separated by TLC was achieved by the 
phosphorous method described by Bartlett and Lewis [57]. 
For quantification of the total extract, 10 μL of sample were placed in a test tube 
and dried by nitrogen flow. However, for the different PL classes separated by TLC, the 
spots were scrapped directly to the test tubes. In both cases, the next step was to add 6,5 
mL of perchloric acid 70 % to the samples and incubated in a heating block (Stuart) during 
45 minutes. After cooling of the test tubes, 3,3 mL of mili-Q H2O, 0,5 mL of ammonium 
molybdat 2,5 % (Riefel – de Haën) and 0,5 mL of ascorbic acid 10% (VWR BDH Prolabo) 
were added. Vortex was used after each reagent addition. The samples were next incubated 
in a boiling water bath at 100ºC for 5 minutes. Once the samples and standards reached 
room temperature after the water bath, the absorbance of both was measured at 800 nm 
(Multiskan 90, Thermoscientific). For the PL classes separated by TLC, prior to the 
spectrophotometric assessment, the samples are centrifuged at 4000 rpm for 5 minutes, to 
separate PLs from the silica. 
Standard solutions of 0,1 to 2 μg of phosphate were prepared, using a standard 
phosphate solution of dehydrated dihidrogenophosphate (NaH2PO4.2H2O) with 100μg/mL 
of phosphate. These standards were treated the same way as the samples.  
The phosphate quantity present in each sample is calculated by a linear regression 
through a graphic relating the phosphate quantity present in the standard (X axis) with the 
absorbance obtained through duplicates for the several concentrations (Y axis). To obtain 
  
Lipidomics of epithelial mammary cells throughout differentiation 
 
  
38 
 
  
the PL quantity, the phosphate content was multiplied by 25. The percentage of PL in each 
class was calculated relating the PL quantity in each TLC spot with the total PL content in 
the sample, thus originating a relative PL content (%) in each PL class.   
 
6. Separation of phospholipid classes by High Performance Liquid 
Chromatography Mass Spectrometry (HPLC-MS) 
 
PL classes were separated and analyzed by HILIC-LC–MS, performed on an HPLC 
system (Waters Alliance 2690) coupled to an electrospray linear ion trap mass 
spectrometer (ThermoFinnigan, San Jose, CA, USA). The mobile phase A consisted of 
10% water and 55% acetonitrile with 35% (v/v) methanol. The mobile phase B consisted 
of acetonitrile 60%, methanol 40% with 10mM ammonium acetate. Total lipid extract 
were diluted in the mobile phase A and 15 µL of reaction mixture was introduced into an 
Ascentis Si HPLC Pore column (15 cm×1.0 mm, 3 μm) (Sigma-Aldrich). The solvent 
gradient was programmed as follows: gradient started with 0% of A and linear increased to 
100% of A during 20 min, and held isocratically for 35 min, returning, to the initial 
conditions in 5 min. The flow rate through the column was 16 μL/ min obtained using a 
pre-column split (Acurate, LC Packings, USA) [58]. Chromatograms can be provided upon 
request.  
HILIC-LC-MS was performed with an internal standard to confirm and quantify the 
ions variations observed in the spectra according to the Lipid Maps methods [59]. The PL 
standards used were PC (14:0/14:0), PE (14:0/14:0), PS (14:0/14:0), PA (14:0/14:0), PG 
(14:0/14:0), LPC (19:0) and CL (14:0/14:0/14:0/14:0) from Avanti polar lipids.  
 
7. Electrospray Mass Spectrometry Conditions 
 
Analysis of PLs classes was carried out by mass spectrometry using ESI ionization 
in electrospray linear ion trap mass spectrometer (ThermoFinnigan, USA). 
ESI conditions were as follows: electrospray voltage was 4,7 kV in negative mode 
and 5 kV in positive mode, capillary temperature was 275ºC and sheath gas flow was 25 U. 
An isolation width of 0,5 Da was used with a 30 ms activation time for MS/MS 
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experiments. Full scan MS spectra and MS/MS spectra were acquired with a 50 ms and 
200 ms maximum ionization time, respectively. Normalized collision energy TM (CE) was 
varied between 17 and 20 (arbitrary units) for MS/MS. Data acquisition of this mass 
spectrometer was carried out with an Xcalibur data system (V2.0).  
 
8. Fatty Acid Quantification by Gas Chromatography with Flame Ionization 
Detector   (GC-FID) 
 
To achieve information about the fatty acids present, either in total lipid extract and 
PL classes, we used GC-FID. The method utilized was based on the work of Pimentel et al 
[60], and it uses KOH in methanol transmethylation in order to form fatty acid methyl 
esters (FAMEs). For total extracts 20 μL of 150μg/100 μL solution were used and for PL 
classes the amount used was the one retrieved, after silica extraction, from 3 TLC spots 
corresponding to the class in question. In this manner, the samples were transferred to 
centrifuge tubes and dried in nitrogen current. Then it was added 1 mL of methyl 
heptadecanoate (C17:0) internal standard solution (0,75g/L in n-hexane with 1:100 
dilution). As the next step 0,200 mL of KOH (2M) in methanol were added, and the 
mixture was subjected to vortex for 30 seconds. The mixture was then centrifuged at 2000 
rpm during 5 minutes. The upper phase was retrieved into a sovirel tube and the solvent 
was evaporated. Finally, the sample was ressuspended in 20 μL of n-hexane, and 2 μL of 
this solution were applied to GC.  
The GC injection port was programmed at 250 ºC and the detector at 270ºC. Oven 
temperature was programmed in three ramps, 50ºC for 3 minutes, 25ºC/min until 180ºC for 
6 min and 40ºC/min until 260ºC for 3 min performing 19 min totally. The carrier gas was 
hydrogen flowing at 1,7 mL/min. The column used was DB1 with 30m, internal diameter 
of 0,250mm and 0,10 μm film thickness. 
Fatty acids were identified by the retention times previously determined with the 
same procedure with a mixture of standard fatty acids. Peak areas from the fatty acids were 
utilized in comparison to an internal standard for quantification. Data acquisition and 
analysis was done using TotalChrom Navigator Software. 
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9. Statistical Analysis 
 
The experiments were done independently and in different days three times (n=3) 
for all conditions and the results were expressed as the means ±SD. One way analysis of 
variance (ANOVA) with the Bonferroni post-hoc (for quantification of PLs) as used to 
determine significant differences among samples. A value of p < 0.05 was considered 
significant. Statistics was done using PRISM® GraphPad Software. 
 III   
Results and 
Discussion 
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III. Results and Discussion 
 
The aim of this work was to analyze the phospholipid profile of a mammary 
epithelial cell line through in different stages of differentiation. For this purpose, we used 
the HC11 cell line in three states of differentiation: a stem-cell like (SC-L) state, a pre-
differentiated state (Pre-DIF) and a fully differentiated state (DIF). 
Total lipid extracts were obtained by Bligh and Dyer extraction from the cells, and 
then quantified by the phosphorous assay. Total PL content was normalized with protein 
concentration. No significant differences were found between PL content in the three 
stages of HC11 (not shown). 
The lipid profile was obtained through a lipidomic analysis, combining such as 
TLC, HPLC and MS techniques. TLC and HPLC allowed the separation of the 
phospholipid classes and MS allowed analysis of each PL class.  
On a first approach, phospholipid classes were separated from the total lipid extract 
using TLC. Identification of PL classes was obtained by comparison with standards 
applied in the TLC plate. The major classes observed were SM, PC, PI, PS, PE and CL 
(Figure 18).  
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Figure 18 - Separation of the main PL classes through TLC in the three differentiation 
conditions for the HC11 epithelial cell line. Lane 1 – PC, PS and PE standards, Lanes 2-4 – SC-L extract, 
Lane 5 – SM and LPE standards, Lanes 6-8 – Pre-DIF extract, Lane 9 – PI,PA and CL standards, Lanes 10-
12 – DIF extract, Lane 13 – PG and LPA standards (Legend: SM-sphingomyelin, PC-phosphatidylcholine, 
PS - phosphatidylserine, PE – phosphatidylethanolamine, PI- phosphatidylinositol, PG - 
phosphatidylglycerol).  
 
1. Phospholipid Quantification by Phosphorous Assay 
 
Following TLC separation, the spots corresponding to the different PL classes were 
recovered and used to quantify the relative amount of phospholipids in each class. The 
phosphorous assay was used to determine the relative PL content (%) of each phospholipid 
class in the total lipid extract for the three states of differentiation (Figure 19).   
1 2 3 4 6 5 8 7 9 10 11 13 12 
DIF Pre-DIF SC-L 
SM 
PC 
PS 
PE 
PI 
PG 
PA 
CL 
LPE 
LPA 
LPE 
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Figure 19 - Relative (%) PL content in the different classes separated by TLC for the 3 
differentiation conditions considered for the HC11 mammary epithelial cell line. Statistical significance 
was found for SMs, PEs and CLs. ** p <0.05 DIF vs SC-L and Pre-DIF for SMs and PEs; ##p<0.05 Pre-DIF 
vs SC-L and DIF for CL. Error bars represent standard deviation for two independent experiments carried out 
in triplicates. 
 
According to Figure 19, the most abundant class in the 3 states was PC, followed 
by PE. For PC it was observed a slight increase in the Pre-DIF cells and a decrease in 
relative content for DIF cells.   
For PE class it was observed a meaningfully increase in the relative abundance of 
PE in DIF and Pre-DIF cells relative to SC-L stage was observed. Interestingly, in the 
work by Dória et al [45], which studied changes in lipid profile in normal epithelia and 
breast cancer cell lines, the PE levels were higher in normal epithelial than in the cancer 
lines. Here, we see that the higher levels of PE were observed in the fully differentiated 
cell, and that the lowest are in the SC-L stage which are undergo active proliferation and 
share similarities with aggressive breast cancers.  
For SM, a significantly increase in relative content of DIF cells compared to SC-L 
cells was observed. This is in contrast with findings by Sampaio et al [38], where a great 
decrease in the SM quantity as polarization proceeded was observed. However, their work 
was carried out in a MDCK cell line, therefore differences among studies may relate to the 
different cell type.  
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It was also possible to see a tendency to lowering PS content in DIF cells when 
compared to SC-L cells. PIs also present a decreasing tendency in relative content from 
SC-L cells to Pre-DIF and DIF cells. Finally for CL it was observed a decrease in content 
for the Pre-DIF cells, when compared with both SC-L and DIF cells.  
PLs are synthesized from PA and diacylglycerol (DAG) through different 
pathways, and are quite related among them (Figure 20). 
 
 
Figure 20 – Schematic representation of the principal PL synthesis pathways. PLs are 
synthesized from PA and diacylglycerol (DAG) through different pathways and are related among them. 
Only the most important enzymes are displayed such as PS descarboxylase, PS synthase 1 and 2, SM 
synthase, Phospholipase D (PLD) and PhospholipaseA2 (PLA2).  
 
Taking into consideration the PL metabolism, one can argue that the apparent 
decrease in PC relative content may be related to the increase of SM relative content since 
PC can originate SM through the action of SM synthase. On the other hand, PCs are also 
metabolic related to PSs because PS synthase 1 converts PC into PS.  
In the same way a relationship between PS and PE may be indicated. As discussed 
above, PSs seemed to decrease through differentiation while PEs are increased in relative 
content. PS metabolism can originate PE by action of PS descarboxylase. In this way PSs 
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could be decreasing to originate PEs. However, PEs increase could also result from de 
novo synthesis by the CDP-ethanolamine pathway [61]. 
It was also observed, from the PL relative quantification that PIs displayed a 
tendency to lower content as differentiation proceeds. This might be due to the 
mobilization of PIs, since differentiated cells require different cellular signalization, as 
explained below in PI profile analysis. Finally, CL content decrease in Pre-DIF cells was 
also observed. This may be due to a decrease in its production. Furthermore, since PI and 
CL are metabolically related, as they share the precursor, both metabolites may be 
connected. 
 
2. PL profile analysis  
 
In order to obtain the lipid profile of the mammary epithelial cell line HC11, in the 
3 different states of differentiation, HPLC-MS technique was also used. In this manner a 
separation of phospholipid classes and sequential analysis by MS was achieved. Following 
this approach it was possible to identify the most abundant ions, corresponding to the main 
phospholipid molecular species in each class. Furthermore, it was possible to obtain the 
MS profile for each phospholipid class corresponding to each differentiation state. The 
chromatograms obtained with HPLC-MS analysis are presented in Figure 21. 
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Figure 21 – Chromatograms resulting from the HPLC-MS analysis. (A) represents the 
chromatogram obtained in the negative mode and (B) represents the chromatogram obtained in the 
positive mode. In both there are represented the PL species and the zone of the chromatogram where they 
elute. 
 
PCs, SMs and LPCs were analyzed in the positive mode forming [M+H]
+
 ions. 
Analysis of HPLC-MS in the negative mode allowed identification of PEs, PSs PIs and 
PSs molecular species, assigned to the corresponding [M-H]
-
 ions.  
For PCs and PEs we identified not only diacyl species, but also alkylacyl species. 
For the alkylacyl species there is a vinyl ether substituent at the sn-1 position (Figure 22). 
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Figure 22 - Diacyl and alkylacyl phospholipid structures. Here R stands for the headgroup and 
R1 an R2 for the fatty acid chain attached to the sn-1 and sn-2 positions respectively. 
 
Through analysis of MS and MS/MS spectra, it was possible to identify the profile 
of each class and fatty acid composition of the most abundant ions observed.  
Since we identified differences in the PL profiles of the cells in the differentiation 
status, and some differences were correlated with the replacement or substitution of fatty 
acid side chains, we analyzed the fatty acids in some PL classes using GC-FID. Changes in 
the fatty acid profile of a cell or changes between the balance of saturated and unsaturated 
acyl chains may provide clues into the role of phospholipids in dynamic events such as cell 
polarity and differentiation. However, we tried a method based on fatty acid quantification 
for glycerolipids [62]. We attempted optimization for PLs and lower sample amounts. 
Though we were able to see the C16 and C18 fatty acids, the fatty acids with higher 
carbonated chain, such as C20 or C22 were not found. Even though fatty acids such as 
20:2; 20:3; 20:4 and 22:2, 22:3 were identified in the mass spectrometry analysis, these 
were not observed in the GC analysis. Therefore, relative quantification as molar 
percentage was only achievable for fatty acids 16:0, 16:1; 18:0, 18:1, 18:2 and 18:3. And 
conclusions may only be relatable to these fatty acids. We used an internal standard 
(C17:0) to normalize the results and attempt quantification. 
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2.1.  Phosphatidylcholine Profile 
 
In order to analyze the PC profile, HPLC-MS in the positive mode was used. PCs 
were identified by their [M+H]
+
 ions. With this approach, and given the molecular weight 
of the ions, we were able to characterize the PCs present in these cells and their MS profile 
in the three different stages studied.  
PC profiles for the SC-L, Pre-DIF and DIF conditions, observed in Figure 23, were 
compared.  
 
 
 
Figure 23 - HPLC-ESI-MS spectra for PCs in the positive mode ([M+H]+ ions), for the three 
differentiation stages considered for the HC11 mammary epithelial cell line.  
 
The fatty acids present in the most abundant PC species were identified using 
HPLC-MS/MS (Table 6).  
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Table 6 - Identification of the [M+H]
+
 ions observed in the HPLC-ESI-MS spectra for PCs. 
Identification made with basis on the m/z value of the compounds and MS/MS analysis. (PC-
phosphatidylcholine; C:N – number of carbons in the chain : number of double bounds).  
 
PC 
Diacyl Alkylacyl 
m/z C:N Fatty Acids m/z C:N Fatty Acids 
706,6 30:0 14:0 16:0 692,6 30:0 O-14:0 16:0 
732,6 32:1 
14:0 18:1 718,6 32:1 O-16:0 16:1 
16:0 16:1 720,6 32:0 O-16:0 16:0 
734,6 32:0 16:0 16:0 744,6 34:2 O-16:0 18:2 
758,6 34:2 
16:0 18:2 746,6 34:1 O-16:0 18:1 
16:1 18:1 
    
760,6 34:1 16:0 18:1 
    
762,6 34:0 16:0 18:0 
    
782,6 36:4 
18:1 18:3 
    
18:2 18:2 
    
784,6 36:3 
18:0 18:3 
    
18:1 18:2 
    
786,6 36:2 
18:0 18:2 
    
18:1 18:1 
    
788,6 36:1 18:0 18:1 
    
810,6 38:4 
18:0 20:4 
    
18:1 20:3 
    
18:2 20:2 
    
812,6 38:3 
18:0 20:3 
    
18:1 20:2 
    
 
PC fragmentation, in the positive mode, is characterized by the loss of the heagroup 
phosphocholine (m/z 184), and the loss of the fatty acids as carboxylic acids ([M+H-
R1COOH]
+
) [51] (Figure 24). 
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Figure 24 – (A) Characteristic fragmentation of PC in the positive mode and (B) -(B) ESI-
MS/MS spectrum of ion at m/z 788 corresponding to PC 18:0/18:1 in the positive mode– ions at m/z 
504,6 and 506,6 correspond to the loss of the fatty acid 18:1 and 18:0 as a carboxylic acid ([M-H-RCOOH]
-
), 
ion at m/z 605,5 corresponds to the loss of the phosphocholine headgroup.  
 
It is possible to see that PC species are the same in the three states. However, their 
relative abundances are distinct in the different states of differentiation. The two ions that 
showed higher relative abundance where the ions at m/z 760,6 (PC 16:0/18:1) and 786,6 
(PC 18:1/18:1 and 18:0/18:2). While in the SC-L state the most abundant ion was m/z 
760,6 (PC 16:0/18:1), in the Pre-DIF and DIF conditions the ion at m/z 786,6 (PC 
18:1/18:1 and 18:0/18:2) was the one with higher relative abundance. Comparing the 
profiles in SC-L, Pre-DIF and DIF, there is a decline in the relative abundance of the ion at 
m/z 732,6 (PC 14:0/18:1 and 16:0/16:1) ion and increase of the ions at m/z 746,6 (PC O-
16:0/18:1) and 810,6 (PC 18:0/20:4, 18:1/20:3 and 18:2/20:2) as cells differentiate. 
According to these spectra there seems to be an increase in the phospholipid with longer 
fatty acid chains as differentiation occurs.  
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To evaluate the apparent changes observed in the MS spectra, we performed 
quantification of the species observed by comparison with an internal standard (PC 
14:0/14:0) added to the total lipid extract. The results are presented in Figure 25.  
 
Figure 25 - Relationship between the peak area of selected PC molecular species (identified by 
MS) and an internal standard peak area.  On the Y-axis is represented the relationship between the 
selected PC molecular species peak area and the internal standard (PC 14:0/14:0) peak area and on the X-axis 
is represented the corresponding PC molecular species. 
 
From Figure 25, we can see that there are several alterations taking place. We can 
see that from SC-L to Pre-DIF stage there is a decrease of the species m/z 732,6 (PC 
14:0/18:1 and 16:0/16:1), 758,6 (PC 16:0/18:2 and 16:1/18:1) and 760,6 (PC 16:0/18:1), 
but there is an increase in species m/z 746,6 (PC O-16:0/18:1), 786,6 (PC 18:0/18:2 and 
18:1/18:1). Additionally, ion at m/z 810,6 (PC 18:0/20:4; 18:1/20:3 and 18:2/20:2) 
increased gradually through the differentiation and at m/z 718,6 (PC O-16:0/16:1) 
decreased gradually with differentiation. The interesting shift between decreasing the ion 
at m/z 760,6 (PC 16:0/18:1) and increasing the ion at m/z 786,6 (PC 18:0/18:2 
and18:1/18:1), seems to indicate a decrease in 16:0 species and incresase in C18 fatty 
acids. Also the evident decrease from the ion at m/z 758,6 (PC 16:0/18:2 and 16:1/18:1) 
contributes to the idea that C16 are decreasing. 
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It is rather interesting that the PC profile of SC-L stage is very similar to the one 
found in MC4-L2 cell line. This corresponds to a breast cancer cell line with elevated 
metastatic power and possibly high content of cancer stem cells. Furthermore, the profile 
found in MC4-L5, while a least aggressive well differentiated breast cancer cell line 
showed a profile comparable to the one found in Pre-DIF stage [45].  
In an overall analysis, it was observable that diacyl species with polyunsaturated 
and with larger carbon chain species increase in the DIF cells when compared to the SC-L 
cells, whereas the monounsaturated with smaller carbonated chain species are present in 
SC-L cells. So in general, for a state of elevated proliferation and migration and low 
differentiation PC present short monounsaturated carbonated chains, while in a state of low 
proliferation and migration but with great differentiation PC display long and 
polyunsaturated carbonated chains. The increase in polyunsaturated carbonated chains will 
give more fluidity to the cellular membrane.  
Since differences among the profiles for the different stages seemed to indicate a 
change in the fatty acid chain of the PL, we attempted to do fatty acid quantification using 
gas chromatography with flame induction detection (GC-FID) with KOH-catalyzed 
methanolysis. The GC-FID results obtained for the PC class are presented in Figure 26. 
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Figure 26 – Gas chromatography quantification of fatty acids in PC class from the three 
differentiation states. Error bars represent stardard deviation for two independent experiments. 
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Accordingly to the results described for MS, it was expected an increase in C18 and 
C20 species. Though results for the C20 species were not achievable, it appears that there 
is an increase in fatty acid 16:0 and decrease in 16:1 from SC-L to DIF cells. This may 
indicate a conversion of the unsaturated fatty acids into the correspondent saturated fatty 
acid from the SC-L to the DIF cells. We saw in the HPLC-MS results for this class, that 
monounsaturated molecular species were decreased in the DIF cells. This may be related to 
the decrease in 16:1 fatty acid.  
However, the amount of 16:1 and 18:1 is challenging. In this GC analysis, 16:1 and 
18:1 were found to be lower than fatty acids 16:0 and 18:0. Nevertheless, this is not in 
agreement with the PL identification performed by HPLC-MS, since in Table 6 we see 
several PC species containing 18:1 and some with 16:1. Furthermore, these fatty acids are 
present in the ions with bigger relative abundance in the HPLC-MS spectrum. It appears 
that the derivatization process is not being achieved with these fatty acids. Initially it was 
thought that this might be due to the short reaction time or to the temperature. They were 
mixed in room temperature, but several methods describe an increase in temperature for 
the derivatization reaction to occur [63, 64]. There could also have been degradation from 
these products, or even evaporation since the reaction products are very volatile. However, 
if that was the case, the same would happen to the other fatty acids. Nevertheless, it has 
been described that alkaline catalyzed transmethylation requires anhydrous conditions, 
since water leads to irreversible hydrolysis of lipids [65]. It is described that significant 
errors may result from using this method in non-anhydrous conditions. Still, when KOH is 
used as catalyst, a small amount of water is formed, thus leading to the irreversible lipid 
saponification by reaction with OH
- 
[65, 66].  
Furthermore, an intriguing finding is the quantity of 18:3 fatty acids presented since 
in the MS analysis only two PC species were identified with these fatty acids. Since the 
sample was recovered from a TLC plate, there may have been some lipid species co-
eluting in the same place as PCs that contained fatty acid 18:3 and therefore this fatty acid 
was detected in GC analysis. However, we used an apolar column and it has been 
portrayed that in these conditions 18:2 n-6 and 18:3 n-3 overlap completely [66]. Thus, we 
might be identifying a peak as 18:3 and it may actually be a 18:2 fatty acid. Nevertheless, 
we do not possess this information, and as such no conclusions on this can be made. To 
  
Lipidomics of epithelial mammary cells throughout differentiation 
 
  
56 
 
  
draw some conclusions on this matter, an approach using GC-MS could be valuable, as it 
would be possible to see which fatty acid was indeed correspondent to the peak on the 
chromatogram at that given retention time.  
Bannon et al [67] have described the four major errors associated with fatty acid 
methyl esters (FAMEs) preparation: failure to methylate quantitatively, failure to transfer 
ester quantitatively into an organic layer, evaporative losses of esters during work-up or 
storage and saponification of esters after methylation when using an alkaline reagent. Most 
of these result from pos-derivatization reaction and are related with material handling. As 
such, it is more likely that the possible errors that occurred in our work are related with 
handling and post-reaction procedures than with the actual reaction. In this way, more 
work to optimize the method will be necessary and is currently at work. It was also 
described that, in general, most serious inaccuracies in FAME analysis by GC results not 
from detection, but from losses during esterification or injection. Still, even small changes 
in the peak shape may alter the result in quantitation based on peak height [66]. It should 
also be noted that most of the described procedures for FAME preparation use mg and in 
this work we tried the FAME preparation with KOH catalyzed methanolysis with μg of 
sample. As such, though fatty acids are detectable, quantification might not be accessed at 
this point.  
 
2.2.  Lysophosphatidylcholine Profile 
 
LPCs were not detected in the TLC plate, however they were detected by HPLC-
MS, in the positive mode forming [M+H]
+
 ions.  
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Figure 27 - HPLC-ESI-MS spectra for LPCs in the positive mode ([M+H]
+
 ions), for the three 
differentiation stages considered for the HC11 mammary epithelial cell line. 
 
The ions present in the spectra were identified and are presented in Table 7. 
 
Table 7 - Identification of the [M+H]
+
 ions observed in the HPLC-ESI-MS spectra for LPCs. 
(C:N – number of carbons in the chain : number of double bounds). 
LPC 
m/z C:N Fatty Acid 
480,5 16:1 O-16:1 
496,5 16:0 16:0 
522,5 18:1 18:1 
524,5 18:0 18:0 
544,5 20:4 20:4 
 
Examining the LPC profiles obtained we observed that there were differences 
among them. The most striking one is that m/z 524 (LPC 18:0) which is the main ion in the 
SC-L and Pre-DIF stages decreases to second most abundant in DIF stage. In DIF cells t 
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the most abundant ion turns to m/z 522 (LPC 18:1). Another identified LPC corresponds to 
m/z 496 (16:0) which seems slightly decreased in Pre-DIF and DIF cells. Analysis of the 
spectra showed the increase of species with 18:1 as acyl chain (ion at m/z 522), or decrease 
of the molecular species with 18:0 (ion at m/z 524).  
To confirm the alterations in relative abundance of these ions, we established a 
quantification by relating the ions of the molecular species of LPC species to an internal 
standard (LPC 19:0) to determine if the species were in fact decreasing or increasing. The 
results are presented in Figure 28. 
 
 
Figure 28 - Relationship between the peak intensity of the LPC molecular species identified in 
MS and of an internal standard peak intensity. On the Y-axis is represented the relationship between the 
selected LPC molecular species peak intensity and the Internal Standard (LPC19:0) peak intensity and on the 
X-axis is represented the corresponding LPC molecular species. 
 
In Figure 28, we see that LPC 16:0 decreases in DIF cells when compared with SC-
L cells. Both LPC 18:0 and LPC 18:1 increase in Pre-DIF and DIF cells in relation to SC-L 
cells. However, in DIF it was seen a decrease in these species in relation to Pre-DIF cells. 
On a first analysis, in the spectra, it seemed that there would be an increase in relative 
abundance of LPC 18:1 or decrease of LPC 18:0. From Figure 28 it was possible to see 
that both species increase in the Pre-DIF stage, when compared to SC-L. Furthermore, 
both of these species (LPC 18:1 and LPC 18:0) decrease in DIF cells, in relation to Pre-
DIF cells. However, in DIF cells the decrease in relative abundance is higher for LPC 18:1, 
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thus becoming the second ion with highest relative abundance. It was also seen that LPC 
O-16:1 appears to decrease from SC-L to Pre-DIF cells, even though it was barely 
detected. As for LPC 20:4 it was shown an increase in Pre-DIF cells when compared with 
both SC and DIF cells. 
The alterations in relative abundance of the LPC molecular species may also be 
related to alterations seen for PCs. Furthermore, it is interesting that PC 16:0/18:1 was 
shown to decrease in Pre-DIF and DIF cells and that LPC 18:1 increases in the Pre-DIF 
and DIF cells when related to the SC-L cells. This may indicate increased activity of 
Phospholipase A, responsible for the generation of LPCs from PCs.  
LPCs are part of the choline metabolism, already described as being altered in 
cancer conditions. Indeed, LPC has been found to be altered in ovarian and colorectal 
cancer [68, 69]. Furthermore, lysophosphatidylcholine acyltransferase 1, responsible for 
converting LPC into PC, as been shown to be altered in human colorectal cancer [70]. This 
indicates a metabolism link between LPCs and PCs in a state characterized by 
proliferation. However, if there is in fact a connection between the altered LPC metabolism 
in cancer and cell differentiation it is not currently known.  
 
2.3.  Sphingomyelin Profile  
 
As well as PCs, SMs are choline-containing species, which produce predominately 
protonated ions under ESI in positive ion mode. Thus, SMs were analyzed in the same way 
as PCs by HPLC-MS in positive mode producing [M+H]
+
 ions. A well-known 
characteristic of SMs in MS, is that they produce ions with odd m/z values, thus becoming 
easy to identify in LC-MS. This analysis produced the MS profiles for SM of the SC-L, 
Pre-DIF and DIF differentiation states (Figure 29).  
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Figure 29 - HPLC-ESI-MS spectra for SMs in the positive mode ([M+H]
+
 ions), for the three 
differentiation stages considered for the HC11 mammary epithelial cell line.  
 
SM species observed in the spectra are presented in (Table 8) as well as their fatty 
acid constitution.  
 
Table 8 - Identification of the [M+H]
+
 ions observed in the HPLC-ESI-MS spectra for SMs. 
(SM-sphingomyelin; C:N – number of carbons in the chain : number of double bounds). 
SM 
m/z C:N 
Sphingoid 
base 
Fatty 
Acid 
703,6 34:1 d16:0 18:1 
705,6 34:0 d16:0 18:0 
787,6 40:1 d18:1 22:0 
813,6 42:2 d18:1 24:1 
815,6 42:1 d18:1 24:0 
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The fatty acids present in the SMs molecular species were identified by MS/MS 
analysis (Table 8). The fragmentation of these molecules has a characteristic ion at m/z 184 
corresponding to the loss of the phosphocholine headgroup [51]. 
 
 
Figure 30 - (A) Typical SM fragmentation products in the positive mode and SM molecular 
structure representation; (B) ESI-MS/MS spectrum of ion at m/z 703,6 corresponding to SM 16:1/18:0 
in the positive mode – it is observable the loss of a water molecule and the loss of the phosphocholine group 
(m/z 520,7). 
 
Analyzing Figure 29, the most abundant ion identified was at m/z 703,6 
corresponding to SM 16:0/18:1. Observing the LC-MS spectra, there seems to be no 
profile alteration in the SM class. 
As previously done for the PC class, we selected the ions corresponding to the SM 
species and quantified them in relation to an internal standard, we used the same as for PCs 
(since they co-elute) (Figure 31). 
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Figure 31 - Relationship between the peak area of SM molecular species (identified by MS) 
and an internal standard peak area.  On the Y-axis is represented the relationship between the selected SM 
molecular species peak area and the Internal Standard (PC 14:0/14:0) peak area and on the X-axis is 
represented the corresponding SM molecular species. 
 
Considering Figure 31, it is possible to see that though there were no apparent 
changes in the MS spectra in the SM class there are indeed small alterations when we 
analyze the data from quantification. The species corresponding to the ion at m/z 703 (SM 
16:0/18:1) are increased in DIF cells. On the other hand the ion at m/z 705 (SM 16:0/18:0) 
decreased in the differentiated cells. Interestingly, in DIF cells there seems to be a 
conversion from SM 16:0/18:0 to SM 16:0/18:1. 
The SM profiles encountered for the three differentiation stages in study are similar 
to the ones described by Dória et al [45] for the MC4-L5 epithelial breast cancer cell line.  
Sphingolipids, including SM, are recognized for establishing microdomains in the 
cell membrane designated by rafts. These are essential for protein sorting and transport in 
both polarized as non-polarized cells. Rafts are thus responsible for modulating a variety of 
protein associated membrane functions. Raft formation is essential in events involving 
targeting of lipids and proteins to the basal and apical membrane domains during 
development of cell polarity. SM levels regulate the capability of membranes to absorb 
cholesterol, and there are several evidences suggesting that cholesterol and SM levels are 
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coordinately regulated. How SM is redirected during epithelial differentiation remains 
largely unknown [12]. It would be interesting to correlate these findings with cholesterol 
levels in the membrane in order to understand the rafts composition in the different 
differentiation stages. 
 
2.4.  Phosphatydilethanolamine Profile  
 
HPLC-MS spectra of PE profiles obtained for the different stages of differentiation 
in this study are presented in Figure 32. 
 
Figure 32 - HPLC-ESI-MS spectra for PEs in the negative mode ([M-H]
-
 ions), for the three 
differentiation stages considered for the HC11 mammary epithelial cell line. (One should note that ion at 
m/z 678 corresponds to the internal standard for PSs and thus it is not considered in the profile analysis of 
PEs.) 
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The ions observed for all profiles represented in Figure 32 were identified by 
HPLC-MS/MS and are presented in Table 9. 
 
Table 9 - Identification of the [M-H]
-
 ions observed in the HPLC-ESI-MS spectra for PEs. 
Fatty acid constitution was attributed by the analysis of MS/MS spectra (PE-phosphatidylethanolamine; C:N 
– number of carbons in the chain: number of double bounds). 
PE 
Diacyl Alkylacyl 
m/z C:N Fatty Acids m/z C:N Fatty Acids 
688,5 32:1 
14:0 18:1 672,5 32:2 O-16:1 16:1 
16:0 16:1 700,5 34:2 O-16:1 18:1 
714,5 34:2 
16:0 18:2 722,5 36:5 O-16:1 20:4 
16:1 18:1 
724,5 36:4 
O-16:0 20:4 
716,5 34:1 16:1 18:0 O-16:1 20:3 
738,5 36:4 
16:0 20:4 
726,5 36:3 
O-16:1 20:2 
16:1 20:3 O-18:2 18:1 
18:1 18:3 728,5 36:2 O-18:1 18:1 
740,5 36:3 
16:0 20:3 
748,5 38:6 
O-16:1 22:5 
16:1 20:2 O-18:2 20:4 
18:0 18:3 
750,5 38:5 
O-16:1 22:4 
18:1 18:2 O-18:2 20:3 
742,5 36:2 
16:0 20:2 
    
16:1 20:1 
    
18:0 18:2 
    
18:1 18:1 
    
744,5 36:1 
16:0 20:1 
    
16:1 20:0 
    
18:1 18:1 
    
746,5 36:0 18:0 18:0 
    
762,5 38:6 
16:0 22:6 
    
18:2 20:4 
    
764,5 38:5 
16:1 22:4 
    
18:1 20:4 
    
18:2 20:3 
    
766,5 38:4 
16:0 22:4 
    
16:1 22:3 
    
18:0 20:4 
    
18:1 20:3 
    
768,5 38:3 
16:0 22:3 
    
18:0 20:3 
    
18:1 20:2 
    
770,5 38:2 
18:0 20:2 
    
18:1 20:1 
    
772,5 38:1 18:0 20:1 
    
790,5 40:6 
18:0 22:6 
    
18:1 22:5 
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Carboxylate anions ([RCOO]
-
) are observable through the fragmentation of PE in 
the negative mode. Neutral loss of the fatty acids as carboxylic acids ([M-H-RCOOH]
-
) in 
combination with the carboxylate anions allow the characterization of the fatty acids 
present in the PE molecular species [51] (Figure 33). 
 
 
Figure 33 – (A) Typical PE fragmentation products in the negative mode and PE molecular 
structure representation; (B) HPLC-ESI-MS/MS spectrum of ion at m/z 768 corresponding to PE 
18:0/20:4 and 18:1/20:3 in the negative mode – ions at m/z 281, 283, 305 and 307 correspond to the 
carboxylate ions ([RCOO]
-
) of the 18:1; 18:0; 20:3 and 20:2 fatty acids respectively. Ion at m/z 462 
corresponds to the loss of the fatty acid 20:2 as a carboxylic acid ([M-H-RCOOH]
-
), and ion at m/z 480 
corresponds to the loss of the fatty acid as ketene.  
 
Though the ions observed are the same for the three states of differentiation, it is 
possible to distinguish differences between the presented profiles. A very interesting 
finding is that the ions with higher relative abundance in all cells correspond to alkylacyl 
species. In the SC-L state the ion with the higher relative abundance was m/z 722,5 
corresponding to PE O-16:1/20:4. Comparing with the Pre-DIF and DIF status, there are 
some differences, where the ions with the highest relative abundance were, in addition to 
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m/z 722,5 (PE O-16:1/20:4), ions at m/z 748,5 (PE O-16:1/22:5 and O-18:2/20:4), and m/z 
700,5 (PE O-16:1/18:1) and a decrease in the ion at m/z 716,5 (PE 16:1/18:0).  
Due to the high number of species identified, the differences in relative abundance 
were not clear. Therefore we selected the ions with higher abundance and performed 
quantification relatively to an internal standard added to the lipid extract (PE 14:0/14:0) 
(Figure 34).  
 
Figure 34 - Relationship between the peak area of selected PE molecular species (identified by 
MS) and an internal standard peak area. On the Y-axis is represented the relationship between the 
selected PE molecular species peak area and the Internal Standard (PE 14:0/14:0) peak area and on the X-
axis is represented the corresponding PE molecular species. 
 
From Figure 34, we see that there is a dynamic change between PE species. When 
compared to the SC-L cells, it is possible to see the decrease of the ions at m/z 672,5 (PE 
O-16:1/16:1) and 716,5 (PE 16:1/18:0), 722,5 (O-16:1/20:4) and 790 (PE 18:0/22:6 and 
18:1/22:5) in both Pre-DIF and DIF cells. On the other hand, for the same cells, when 
related to SC-L, there is also an increase in the relative abundance of ions at 724,5 (PE O-
16:0/20:4 and O-16:1/20:4), 750,5 (O-16:1/22:4 and O-18:2/20:3) and 768,5 (PE 
16:0/22:3; 18:0/20:3 and 18:1/20:2). Still, for DIF cells the relative abundance of ions at 
m/z 748,5 (PE O-16:1/22:5 and O-18:2/20:4) and 766,5 (PE 16:0/22:4; 16:1/22:3; 
18:0/20:4 and 18:1/20:3) increased when compared to the SC-L cells. As such, lower 
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levels of relative abundance of ions at m/z 750,5 (O-16:1/22:4 and O-18:2/20:3) and 768,5 
(PE 16:0/22:3, 18:0/20:3 and 18:1/20:2) in SC-L cells were observed.  
When comparing between the Pre-DIF and DIF cells, a decrease in the relative 
abundance of ions at m/z 672,5 (PE O-16:1/16:1), 700,5 (PE O-16:1/18:1) and 724,5 (PE 
O-16:0/20:4 and O-16:1/20:4) while ions at m/z 722,5 (O-16:1/20:4) 748,5 (PE O-
16:1/22:5 and O-18:2/20:4) , 766,5 (PE 16:0/22:4; 16:1/22:3; 18:0/20:4 and 18:1/20:3) and 
768,5 (PE 16:0/22:3, 18:0/20:3 and 18:1/20:2) showed an increase in their relative 
abundance. 
It is remarkable that the PE O-16:1/20:4 and PE O-16:0/20:4 and O-16:1/20:3 seem 
to switch between states. That is, in Pre-DIF cells the relative abundance of ion at m/z 
722,5 (PE O-16:1/20:4) decreases, while for m/z 724,5 (PE O-16:0/20:4 and O-16:1/20:3) 
it increases. On the other hand, in DIF cells an increase in the relative abundance of ion at 
m/z 722,5 (PE O-16:1/20:4) and decrease of ion at m/z 724,5 (PE O-16:0/20:4 and O-
16:1/20:3) is observed. This could indicate the loss of unsaturation as cells enter 
differentiate.  
We found that the PE profile of the mammary epithelial cells in the three states was 
dominated by the presence of PE alkylacyl species. It has been reported that alkylacyl 
species were detected in breast cancer lines. However, they were found to be lower in the 
breast cancer samples than in the normal breast epithelium [45, 71]. This is an interesting 
finding as it may be a starting point to understand an explain relations among normal and 
cancer cells for alkylacyl species.  
On a broader analysis, DIF cells presented an increase in polyunsaturated species 
with larger carbonated chains when compared to the SC-L cells. Furthermore, the two 
monounsaturated species presented decrease in the DIF cells. So, for cells with great 
differentiation it is possible that more polyunsaturated and with longer carbonated chains 
are present, while for undifferentiated cells species with few unsaturations and shorter 
chain length were observed. 
Since PE is a major PL in the cellular membrane, the alterations found in the PE 
molecular species may cause distinct membrane behavior. Even more, once that there 
appears to be alterations in the fatty acids linked to the glycerol backbone of the PL, we 
also performed GC-FID analysis on this class. GC-FID fatty acid quantification for the PE 
class is displayed in Figure 35. 
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Fatty Acid quantification in PE class
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Figure 35 – Gas chromatography quantification of fatty acids in PE class from the three 
differentiation states.  
 
Though the results from MS analysis portrait an increase in species containing C20 
and C22 fatty acids, the same species were found to have C18 fatty acids. So in general it 
was expected an increase in the C18 fatty acids. Analyzing Figure 35 an increase of the 
18:0 fatty acids is seen. However, for 18:1 fatty acids there appears to be a decrease in 
their abundance, even though their amount was very low.  
Furthermore, species containing 16:0 and 16:1 fatty acids are in general decreased 
in DIF cells. So, analyzing Figure 35, it was observable a decrease in fatty acid 16:1 from 
both SC-L to Pre-DIF and DIF cells. These results are consistent with the decrease of 
species PE O-16:1/16:1 and PE O-16:1/20:4, found in MS analysis. The increase in fatty 
acid 16:0 in Pre-DIF cells may relate to the increase in relative abundance of PE O-
16:0/20:4 in the same cells. Still, in Pre-DIF and DIF, the increase in PE 18:0/20:3 
correlates to increase 18:0 fatty acid increase observed in GC analysis, though it must be 
taken into consideration that C20 and C22 information is lacking. The decreasing quantity 
in all polyunsaturated fatty acids analyzed, and the fact that from MS analysis we observed 
an increase in polyunsaturated species, seems to indicate that the unsaturared fatty acids in 
the PE species may come from the C20 and C22 fatty acids that were not analyzed. This 
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would be consistent with the molecular species identified in MS that present fatty acids 
such as 20:4, 20:3, 20:2 and 22:4. 
However, the amounts found for 18:1 and 16:1 are very low, as from MS 
identification of PE molecular species they were found to be relatively abundant, and thus 
it was expected a higher content of these fatty acids. On the contrary, though not being 
found in MS analysis, fatty acid 18:3 was identified by GC analysis. The same was 
observed in the PC fatty acid profile obtained by GC-FID. The discussion for the reasons 
of these possible errors was performed in the PC profile analysis. 
 
2.5.  Phosphatidylserine profile 
 
This phospholipid class was analyzed in the negative mode by LC-MS, forming 
[M-H]
-
 ions. The spectra obtained for PS profiles are shown in Figure 36.  
 
 
 
Figure 36 - HPLC-ESI-MS spectra for PSs in the negative mode ([M-H]
-
 ions), for the three 
differentiation stages considered for the HC11 mammary epithelial cell line. 
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Using HPLC-MS/MS we were able to identify the fatty acids for some m/z values 
using the characteristic fragmentations of PS [51, 72] (Table 10).  
 
Table 10 - Identification of the [M-H]
-
 ions observed in the HPLC-ESI-MS spectra for PSs. 
Fatty acid constitution was attributed by the analysis of MS/MS spectra. (PS-phosphatidylserine; C:N – 
number of carbons in the chain : number of double bounds). 
PS 
m/z C:N Fatty Acids 
732,4 32:1 14:0 18:1 
758,4 34:2 16:1 18:1 
760,4 34:1 
16:0 18:1 
16:1 18:0 
762,4 34:0 16:0 18:0 
782,4 36:4 
16:0 20:4 
16:1 20:3 
784,4 36:3 
18:0 18:3 
18:1 18:2 
786,4 36:2 
18:0 18:2 
18:1 18:1 
788,4 36:1 
16:1 20:0 
18:0 18:1 
790,4 36:0 18:0 18:0 
810,4 38:4 
18:0 20:4 
18:1 20:3 
812,4 38:3 
18:0 20:3 
18:1 20:2 
814,4 38:2 
16:1 22:1 
18:1 20:1 
836,4 40:5 18:0 22:5 
842,4 40:2 18:1 22:1 
 
PSs fragmentation in the negative mode results in [M-H-87]
-
 and [M-H-87-
RxCOOH]
-
, corresponding to the loss of the headgroup serine and subsequent loss of the 
fatty acid. Carboxylate ions, [RxCO2
-
], are also found and fundamental to attribute fatty 
acid composition [51] (Figure 37) . 
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Figure 37 - (A) Typical PS fragmentation products and PS molecular structure 
representation; (B) HPLC-ESI-MS/MS spectrum of ion at m/z 788,4 corresponding to PS 18:0/18:1 in 
the negative mode;– ions at m/z 281,3 and 283,3 and correspond to the carboxylate ions ([RCOO]-) of the 
18:1 and 18:0 fatty acids respectively. Ions at m/z 419,2 and 417,2 correspond to the loss of the fatty acid as 
carboxylic acid ([M-H-RCOOH]
-
). Ion at m/z 701,5 corresponds to the loss of the serine headgroup. 
 
As for the other PL classes, all spectra present the same in all profiles, but their 
relative abundances are distinct. It is observable that for both SC-L and DIF stages the ion 
with higher relative abundance is the ion at m/z 788,4 (PS 16:1/20:0 and 18:0/18:1). There 
is also a great difference in the relative abundance of the ion at m/z 760,4 (PS 16:0/18:1 
and 16:1/18:0), which was also highest in SC-L cells.  
Given the apparent changes of profile between differentiation stages, we 
established a quantification of the ions with higher relative abundance in relation to an 
internal standard relation (PS 14:0/14:0) (Figure 38). This allowed us to see which species 
actually increased or decreased.  
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Figure 38- Relationship between the peak intensity of the LPC molecular species (identified in 
MS) and of an internal standard peak intensity. On the Y-axis is represented the relationship between the 
selected PS molecular species peak intensity and the Internal Standard (PS 14:0/14:0) peak intensity and on 
the X-axis is represented the corresponding PS molecular species. 
 
From Figure 38, it is observable that ion at m/z 732,4 (PS 14:0/18:1) relative 
abundance decreased in both Pre-DIF and DIF cells when compared with the SC-L cells. 
This seemed to also be the case for molecular species ions at m/z 760,4 (PS 16:0/18:1 and 
16:1/18:0). On the contrary, an increase in the relative abundance of ion at m/z 812,4 (PS 
18:0/20:3 and 18:1/20:2) was observed for both Pre-DIF and DIF cells. Furthermore, in 
Pre-DIF cells it was found that for the ion at m/z 810,4 (PS 18:0/20:4 and 18:1/20:3) 
relative abundance was increased, when compared to the SC-L cells. Besides, when 
relating DIF and SC-L cells, a decrease on the relative abundance of ion at m/z 786,4 (PS 
18:0/18:2 and 18:1/18:1) and an increase in the relative abundance of ion at m/z 788,4 (PS 
16:1/20:0 and 18:0/18:1). 
Comparing DIF and Pre-DIF cells, it was found that for DIF cells ions at m/z 732,4 
(PS 14:0/18:0), 760,4(PS 16:0/18:1 and 16:1/18:0), 786,4 (PS 18:0/18:2 and 18:1/18:1) and 
810,4 had lower relative abundance and ions at m/z 788,4 (PS 16:1/20:0 and 18:0/18:1), 
790,4 (PS 18:0/18:0) and 812,4 (PS 18:0/20:3 and 18:1/20:2) had higher relative 
abundance.   
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It is interesting that for ion at m/z 732,4 (PS 14:0/18:0) and 760,4 (PS 16:0/18:1 and 
16:1/18:0) there is a sequential decrease in relative abundance, as differentiation occurs. 
On the other hand, for ion at m/z 812,4 (PS 18:0/20:3 and 18:1/20:2) there is a sequential 
increase in its relative abundance. These correspond to the shorter and longer, PS species, 
respectively. Similar to PCs and PEs, these results point to a decrease of smaller fatty acid 
chains such as C16, an increase in C20. 
Acidic phospholipids (such as PS) where established as having great mitogenic 
power [73]. Though the mechanism by which these PLs stimulate proliferation is not 
described, it is suggested that several growth-regulatory pathways are activated. 
Furthermore, PS is known to be a required cofactor in several important enzymes such as 
protein kinase C and Raf-1-kinase, which are involved in signaling pathways. Raf-1-kinase 
is the starting point into the mitogen-activated protein kinase (MAPK)/extracellular signal 
regulated signal (ERK1/2) signaling pathway. This is known to be responsible for the 
control of proliferation, differentiation and survival. Membrane lipids have been associated 
to the regulation of Raf-1-kinase [74]. Besides, cellular polarity establishment requires the 
recruitment of polarity regulators such as Cdc42 GTPase to the cellular membrane. Very 
recent work suggests that PS may be connected to the activity of this polarity regulator [75, 
76].  
 
2.6.  Phosphatidylinositol profile 
 
PI’s were analyzed in the negative mode by HPLC-MS, originating [M-H]- ions. 
This analysis produced the PI profile spectra presented in Figure 39. 
  
Lipidomics of epithelial mammary cells throughout differentiation 
 
  
74 
 
  
 
Figure 39 - HPLC-ESI-MS spectra for PIs in the positive mode ([M-H]
-
 ions), for the three 
differentiation stages considered for the HC11 mammary epithelial cell line. 
 
Characteristic PI fragmentation [77] was interpreted, using HPLC-MS/MS, to 
attribute fatty acid chains to the most abundant ions present in the MS profile (Table 11).  
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Table 11 – Identification of the [M-H]- ions observed in the HPLC-ESI-MS spectra for PIs. 
Fatty acid constitution was attributed by the analysis of MS/MS spectra. (PI-phosphatidylinositol; C:N – 
number of carbons in the chain : number of double bounds).  
PI 
m/z C:N Fatty Acids 
833,5 34:2 
16:0 18:2 
16:1 18:1 
835,5 34:1 
16:0 18:1 
16:1 18:0 
859,5 36:3 
16:0 20:3 
18:0 18:3 
861,6 36:2 
16:0 20:2 
18:0 18:2 
18:1 18:1 
863,5 36:1 18:0 18:1 
885,5 38:4 
18:0 20:4 
18:1 20:3 
887,5 38:3 18:0 20:3 
889,5 38:2 
18:0 20:2 
18:1 20:1 
915,5 40:3 18:0 22:3 
 
PIs produce [M-H-RxCO2H]
- 
ions from the neutral loss of their free fatty acid 
substituents and their corresponding ketenes  [M-H-R’xCH=C-O]
-
. The loss of the inositol 
headgroup is also characteristic. Furthermore, it is possible to observe the fatty carboxylate 
anions [RxCO2
-
] [51, 77]. In this nomenclature x stands for 1 or 2, as in the sn-1 or sn-2 
positions, and Rx = R’xCH2 (Figure 40).  
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Figure 40 – (A) Typical PI fragmentation products and PI molecular structure representation; 
(B) HPLC-ESI-MS/MS spectrum of ion at m/z 887 corresponding to PI 18:0/20:3 in the negative 
mode;) – ions at m/z 283,3 and 305,2 correspond to the carboxylate ion ([RCOO]-) of the 18:0 and 20:3 fatty 
acids respectively. Ions at m/z 419,2 and 441,2 correspond to the loss of the inositol heagroup and fatty acid 
as a carboxylic acid ([M-H-162-RCOOH]
-
), ion at m/z 581,3 corresponds to the loss of the fatty acid as 
carboxylic acid ([M-H-RCOOH]
-
).  
 
The ions observed for the three differentiation conditions are the same, but there 
are differences in the relative abundance of some ions among states. In the SC-L state there 
are 4 major ions: m/z 861,6 (PI 16:0/20:3, 18:0/18:2, 18:1/18:1), 863,6 (PI 18:0/18:1), 
885,6 (PI 18:0/20:4 and 18:1/20:3) and 887,6 (PI 18:0/20:3). In Pre-DIF and DIF 
conditions, the ion at m/z 887,6 (PI 18:0/20:3) was observed with high relative abundance 
while ions at m/z 861,6 (PI 16:0/20:3, 18:0/18:2, 18:1/18:1), 863,6 (PI 18:0/18:1), and 
885,6 (PI 18:0/20:4 and 18:1/20:3) showed lower relative abundance. We saw that in this 
class that the Pre-DIF and DIF profiles are similar while the SC-L profile diverges from 
those two. 
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To confirm the apparent changes displayed in Figure 39, and as seen for the other 
classes of PL, we performed a quantification of the ions with higher relative abundance in 
relation to an internal standard (PG 14:0/14:0 - we used the PG standard since it co-elutes 
with PIs). These results are presented in Figure 41.  
 
 
 
Figure 41 - Relationship between the peak area of selected PI molecular species (identified by 
MS) and an internal standard peak area. On the Y-axis is represented the relationship between the 
selected PI molecular species peak area and the Internal Standard (PG 14:0/14:0) peak area and on the X-axis 
is represented the corresponding PI molecular species. 
 
Analyzing Figure 41, we can see that there is indeed a decrease in the relative 
abundance for most molecular species correspondent to the ions at m/z 835,6 (PI 16:0/18:1 
and 16:1/18:0), 861,6 (PI 16:0/20:3, 18:0/18:2, 18:1/18:1), 863,6 (PI 18:0/18:1) and 885,6 
(PI 18:0/20:4 and 18:1/20:3) as cells differentiate for Pre-DIF and DIF cells, when 
compared to SC-L cells. However, the relative abundance of ion at m/z 887,6 (PI 
18:0/20:3) only decreases in the Pre-DIF stage, while it increases in the DIF cells. Finally, 
for the ion at m/z 915,6 (PI 18:0/22:3), we see an increase in its relative abundance the Pre-
DIF stage.  
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Even though both m/z 861,6 (PI 16:0/20:3, 18:0/18:2, 18:1/18:1) and 863,6 (PI 
18:0/18:1) decrease from SC-L to the Pre-DIF cells, in the DIF cells ion at m/z 861,6(PI 
16:0/20:3, 18:0/18:2, 18:1/18:1) decreases in relative abundance and 863,6 (PI 18:0/18:1) 
increases. Since the ion at m/z 861,6 (PI 16:0/20:3, 18:0/18:2, 18:1/18:1) had higher 
relative abundance than ion at m/z 863,6 (PI 18:0/18:1) in the SC-L cells and that the 
inverse is observed in the DIF cells, this may indicate the loss of unsaturation. That is, the 
species in the ion at m/z 861,6 (PI 16:0/20:3, 18:0/18:2, 18:1/18:1) could have become the 
species in the ion at m/z 863,6 (PI 18:0/18:1) by loss of unsaturation. 
Remarkably, the relationship between ions at m/z 863,7 and 887,6 found by Dória 
et al [45] in cancer cells compared to normal epithelial cells are the same in SC-L cells 
when compared to DIF cells. 
As PIs are known to be important signaling messengers, we found interesting to 
perform an analysis of the fatty acids present in these molecular species by GC-FID. The 
results obtained for the fatty acid quantification of the PI class are presented in Figure 42. 
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Figure 42 – Gas chromatography quantification of fatty acids in PI class from the three 
differentiation states. Error bars represent stardard deviation for two independent experiments. 
 
The most abundant ions in the PI MS profile were ions at m/z 835,6 (PI 16:0/18:1 
and 16:1/18:0), 861,6 (PI 16:0/20:3, 18:0/18:2, 18:1/18:1), 863,6 (PI 18:0/18:1), 885,6 (PI 
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18:0/20:4 and 18:1/20:3) and m/z 887,6 (PI 18:0/20:3). From these, an in general, the first 
ones were found to decrease with differentiation while m/z 887,6 (PI 18:0/20:3), was found 
to increase with differentiation. So, it would be expected a decrease in the C16 and C18 
fatty acids, along with an increase in the C20 fatty acids. Since C20 fatty acids were not 
analyzed, we have only the relation among C16 and C18 and their saturated/unsaturated 
species. Thus, it would be expected an increase in the C18 in relation to the C16, from SC-
L to DIF stage, since species with C18 increase in the MS analysis. However, due to the 
degree of error associated with our findings it was not possible to draw conclusions from 
the data presented on Figure 42. PIs are a minority class present in the cell membrane, as 
such the amount recovered from the TLC plate is lowest than for PLs such as PC and PE. 
As such, PI extraction form the silica plate is more likely to be affected by losses of sample 
than for the other PL classes described. This might explain the amount of error associated 
with the fatty acid analysis. Again, as for PC and PE, we found very low amount of the 
monounsaturated species and the existence of 18:3 fatty acids. Suggestions on why these 
errors may have happened were discussed in the PC profile analysis. 
A set of kinases and phosphates, regulated by cell surface receptors such as EGF 
(which is active in SC-L cells), originate PIPs from the cell membrane PIs. A particularly 
important enzyme in this process is phosphoinositide-3-kinase (PI3K). PI3K 
phosphorylates PIs in the cell membrane thus obtaining PIPs. These molecules are able to 
recruit protein kinases such as protein kinase B, phosphoinositide-dependent kinase-1 
(PDK1), Ras GEF and Tec kinases. The downstream signaling of PI3K phosphorylates a 
wide range of cellular signaling molecules relevant for regulation of cell growth, cell cycle 
and cell proliferation and even cytoskeletal changes [78]. Interestingly enough, it has been 
described that differentiation of HC11 cell line is accompanied by alteration of protein 
expression related with cytoskeleton properties, among others [79]. The main difference 
between the SC-L and the Pre-DIF and DIF stages, is that in Pre-DIF and DIF there is lack 
of EGF/MAPK/PI3K signaling. This may be the reason why the PI profiles are similar 
between the Pre-DIF and DIF cells, but different from SC-L cells. Cell polarization has 
been linked to the activity of PI3K and Rho GTPases, even though their contribution could 
be dependent on cell type and content [80, 81]. As such, the alteration in PI profile may 
produce different stimuli in the signaling pathways or even in the membrane properties; 
however this is not currently known.  
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2.7. Phosphatidylglycerol Profile  
 
Though they are not visible in the TLC plate, due to their low abundance, it was 
possible to analyze PGs by HPLC-MS. In this way, from this analysis resulted the spectra 
displayed in Figure 43.  
 
 
Figure 43 - HPLC-ESI-MS spectra for PGs in the negative mode ([M-H]
-
 ions), for the three 
differentiation stages considered for the HC11 mammary epithelial cell line. 
 
The ions presented in the PG profiles were identified by HPLC-MS/MS thus 
allowing the identification of the fatty acids for the most abundant ions present in the MS 
profiles (Table 12).  
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Table 12 - Identification of the [M-H]
-
 ions observed in the HPLC-ESI-MS spectra for PGs. 
Fatty acid constitution was attributed by the analysis of MS/MS spectra. (PG-phosphatidyglycerol; C:N – 
number of carbons in the chain : number of double bounds).  
PG 
m/z C:N Fatty Acids 
721,5 32:0 
14:0 18:0 
16:0 16:0 
743,4 34:3 
16:1 18:2 
16:2 18:1 
745,5 34:2 
16:1 18:1 
16:0 18:2 
747,4 34:1 
16:0 18:1 
16:1 18:0 
749,5 34:0 
14:0 20:0 
16:0 18:0 
771,5 36:3 18:1 18:2 
773,5 36:2 18:1 18:1 
775,5 36:1 
16:0 20:1 
18:0 18:1 
795,4 38:5 
18:1 20:4 
18:2 20:3 
797,4 38:4 
18:1 20:3 
18:2 20:2 
799,5 38:3 18:1 20:2 
 
This was achieved by interpreting MS/MS spectra of the selected ions according to 
their characteristic fragmentation. MS/MS spectra of PGs in the negative mode are known 
to produce a distinctive [M-H-74]
-
 and [M-H-RxCO2H]
- 
ions, corresponding to the loss of 
the glycerol headgroup and fatty acids, where x means 1 or 2, as in the sn-1 or sn-2 
positions on the glycerol backbone [51, 82].  The neutral loss of the ketene form of the 
fatty acids also occurs and the fatty carboxylate anions [RxCO2
-
] are observable (Figure 
44).   
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Figure 44 – (A) Typical PG fragmentation products and PG molecular structure 
representation; (B) HPLC-ESI-MS/MS spectrum of ion at m/z 773 corresponding to PG 18:1/18:1 in 
the negative mode - ion at m/z 281,3 corresponds to the carboxylate ion ([RCOO]
-
) of the 18:1 fatty acid, in 
this case both fatty acids are 18:1 therefore only on carboxylate ion is seen. Ion at m/z 417,3 corresponds to 
the loss of the glycerol heagroup and fatty acid as a carboxylic acid ([M-H-74-RCOOH]
-
), ion at m/z 491,3 
corresponds to the loss of the fatty acid as carboxylic acid ([M-H-RCOOH]
-
) and finally m/z 509,3 
corresponds to the loss of the fatty acid as a ketene ([M-H-RCH=C=O]
-
). 
 
The most abundant ion in the three states is the ion at m/z 773,5 corresponding to 
PG 18:1/18:1. Nevertheless, the changes in profile for the three states are remarkable. The 
ion at m/z 747,4 seems to decrease from SC-L to Pre-DIF status, while the ions at m/z 
797,5 (PG 18:1/20:3 and 18:2/20:2) and at 799,5 (PG 18:1/20:2) seem to increase 
accompanying the differentiation process. Like in the PI class, we continue to see a 
tendency in the PL profiles in which Pre-DIF and DIF share similar profiles while the SC-
L stage shows a distinct one.   
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Considering these profile alterations, we also selected the ions with higher 
abundance and quantified them in relation to an internal standard (PG 14:0/14:0) added to 
the total lipid extract (Figure 45). 
 
 
Figure 45 - Relationship between the peak area of selected PG molecular species (identified by 
MS) and an internal standard peak area. On the Y-axis is represented the relationship between the 
selected PG molecular species peak area and the Internal Standard (PG 14:0/14:0) peak area and on the X-
axis is represented the corresponding PG molecular species. 
 
From Figure 45, it is possible to see which species have in fact increased or 
decreased. For ion at m/z 747,5 (PG 16:0/18:1 and 16:1/18:0) there is a decrease as cells 
begin to differentiate. More marked differences were observed for ions at m/z 771,5 (PG 
18:1/18:2), 773,5 (PG 18:1/18:1), 797,5 (PG 18:1/20:3 and 18:2/20:2) and 799,5 (PG 
18:1/20:2). The ion at m/z 773 shows an increase with the differentiation process, whereas 
the m/z 773,5 increase mostly in the Pre-DIF stage. Both ions at m/z 797,5 (PG 18:1/20:3 
and 18:2/20:2) and 799,5 (PG 18:1/20:2) show the same tendency as the ion at m/z 773,5 
(PG 18:1/18:1). Even though in the spectra ion at m/z 721,5 (PG 14:0/18:0 and 16:0/16:0) 
appeared to show a decreased relative abundance in Pre-DIF and DIF cells, according to 
Figure 45 it is not possible to see that relation because they are barely detectable. 
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It is interesting to find that PG 16:0/18:1 and 16:1/18:0 exhibit the same alteration 
as PI 16:0/18:1 and 16:1/18:0. From Figure 20 we see that these two species result from 
the same pathway, so maybe there might be a connection in the metabolism. Another 
interesting fact is that according to Figure 45, there appears to be a higher quantity of PG in 
the Pre-DIF and DIF cells.  
In general, it appears that PG polyunsaturated species with longer carbonated 
chains are increasing in Pre-DIF and DIF cells compared to the SC-L cells. 
PG is closely related to PI and CL, as they all share the same precursor (Figure 20). 
So, close metabolic relations may be established among these PLs. It was firstly described 
the role of PIs in cellular signaling and how they can mediate cell differentiation and 
progression. However, information on PG is scarce. Mainly because of its role as 
precursors of CL, PGs are often overlooked in mammalian cells. Thus, and since molecular 
species alteration was found for PGs, there might also be alterations in CL molecular 
species. However, CL profile was not evaluated by MS. Nevertheless, it would be an 
interesting approach as an extension of this work. 
 
3. Total Extracts Fatty Acid Analysis 
 
We also analyzed the total extracts of our samples to see if there were differences 
in fatty acid content among them (Figure 46).  
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Fatty Acid quantification in Total Lipid Extract
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Figure 46 - Gas chromatography quantification of fatty acids in total lipid extract from the 
three differentiation states. Error bars represent stardard deviation for two independent experiments. 
 
Observing Figure 46 we can see that there are in fact alterations in the fatty acid 
profile of the mammary epithelial cells, even though only major fatty acids in the sample 
were analyzed. The major differences among stages relate to fatty acid 16:1 and 18:0. The 
first decreases in DIF cells when related to the SC-L cells. On the other hand, 18:0 showed 
an increase in Pre-DIF and DIF cells. Furthermore, 18:2 fatty acid presented a tendency to 
decrease from SC-L to Pre-DIF cells and then to DIF cells. Still, 18:3 seemed to an 
increase in the DIF cells.  
In 1979, Whicha et al [83], reported on the effect of free fatty acids on the growth 
of normal rat mammary epithelial cells. They observed that linoleic (18:2) and linolenic 
(18:3) fatty acids where the most stimulatory for normal mammary epithelium. In our data, 
there seems to be a tendency in 18:2 to decrease in DIF cells. Since DIF cells are already 
fully differentiated, they will not require 18:2 for proliferation.  
These alterations in fatty acids composition along with the differentiation may be 
related with changes in cell membrane fluidity. Once that mammary epithelium growth is 
highly regulated by hormonal action, these lipid alterations may be related to activation of 
survival signals for membrane-bound hormone receptors. 
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However, it should be noted that the analysis with the described method was 
marked by difficulties in the PL classes. As such, the same problems described for the PL 
classes may also be present in this total lipid extract analysis. Furthermore, though it did 
not constitute a problem for PL classes that had been separated, in total extracts there may 
be triacylglycerides. This method is also known to detect tryacylglycerides and thus, 
results may be affected by their presence.  
For a better understanding of which changes are taking place in the mammary 
epithelial cells throughout differentiation as far as fatty acids in each phospholipid class are 
concerned, the GC-FID method utilized needs to be improved so that fatty acids such as 
C20 and C22 identified in MS could be observable and quantified. In that way, 
interpretation of both methods together would allow an integration of results and far better 
knowledge of the remodeling taking place in the membrane along with the differentiation 
of mammary epithelial cells.  
 
4. Final Discussion 
 
For all PLs analyzed, the general idea portrayed is that, in the most undifferentiated 
cells (SC-L) PLs contain low unsaturation and short fatty acid chain length. However, for 
differentiated cells, as Pre-DIF and DIF, PLs composition becomes characterized by more 
unsaturations and longer fatty acid chain length. Furthermore, it appears as if there is a 
decrease in the abundance of species containing C16 and C18 fatty acids with gain of 
species containing C20 and C22, namely C20:4, C20:3, C22:4 and C22:3. This fact could 
indicate a progression in the fatty acid metabolism by action of the several enzymes known 
to act in the lipid metabolism such as desaturases and elongases, which elongate and 
introduce unsaturations [84, 85]. So, it would be interesting to study the expression and 
activity of such enzymes in these states. The lactating mammary gland, as in DIF cells, as 
been shown to be able to synthesize polyunsaturated fatty acids. This is accomplished by 
fatty acid desaturases that insert double bonds in specific locations. These highly 
unsaturated fatty acids are mainly esterified into phospholipids and contribute to the 
maintenance of the membrane fluidity [86]. This is consistent with the HPLC-MS findings, 
where in general, there was an increase in polyunsaturated species in the DIF cells, when 
compared with the initial undifferentiated stage (SC-L). Furthermore, this increase in 
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polyunsaturated species is likely to be related to the milk composition necessary for the 
newborn [87].  
Still, the remodeling of PL molecular species observed could also be due to Lands 
cycle. PLs are formed de novo in the Kennedy pathway and then suffer cycles of 
deacylation and reacylation (Lands cycle) where PL composition is altered to generate a 
mature membrane with asymmetry and diversity. Both cycles were described in the 1950s. 
However, while the metabolism involved in the Kennedy pathway has been widely 
studied, little is known about the enzymes involved in Lands cycle. This remodeling 
pathway is the result of coordinated action of phospholipase A2 and lysophospholipid 
acyltransferases [88]. Thus, the remodeling of fatty acid chain length could actually be the 
result of the integrated action of these enzymes.  
Epithelial cells are characterized by a polarized state, which is established as cells 
differentiate. The establishment of this phenotype is the result of interactions between 
proteins and membrane, along with several signaling pathways. This alteration in the cell 
morphology is closely related to its function. For example, the basal and apical membrane 
may affect the gene expression of tissue or cell, thus activating or inactivating enzymes 
with key features on cell purpose. Several studies have tried to establish relations between 
the gene expression of the lactating mammary gland and lipid synthesis and metabolism in 
the context of their secretory function [89-92]. These studies have found that the lipid 
metabolism is highly regulated in these cells. Proteomic and genetic expression studies are 
now also being done in the undifferentiated cells of the mammary gland [22]. However, 
the lipidomic approach in these cells was lacking. The integration of all these approaches 
may provide clues into understanding the differentiation process. Despite all the advances 
made in the last decade, our knowledge of the molecular changes that occur upon alveolar 
differentiation and secretory activation is still very limited [91].  
Cancer cells, as in proliferating cells, are characterized by de novo fatty acid 
synthesis, or lipogenesis. This is required for the synthesis of new membranes, with 
particular lipid composition that allow the formation of lipid rafts for increased signaling 
of cell growth receptors. Furthermore, they are necessary for the production of lipids that 
are known to regulate the activity of various oncogenes. Metabolites such as PIs, PSs and 
PCs are acknowledged to be important factors that activate and mediate proliferative and 
survival pathways such as the PI3K/AKT, Ras or Wnt pathways [93]. Interestingly, it has 
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been found that the de novo lipogenesis alters de balance between saturated fatty acids and 
polyunsaturated fatty acids, favoring the saturated fatty acids. This triggers alterations in 
the constitution and properties of the cell membrane [94]. Phospholipids containing mainly 
saturated fatty acids have propensity to segregate into lipid rafts and would alter signal 
transduction cascades, vesicular trafficking and cell migration [95]. This is very 
interesting, as once again, there appears to be a metabolic connection between findings in 
cancer and the most undifferentiated cells, which become altered in the differentiated cells. 
Therefore, alterations found in the profiles of these PL classes between proliferating cells 
(SC-L) and differentiated cells may be relatable, not only with the signaling pathways in 
terms of differentiation but also in cancer studies.  
Lipids are becoming major interest metabolites in the study of several diseases. 
Cancer, namely breast cancer, is no exception. Although initially most of the studies 
focused on dietary lipids as risk factor modulators [96-98], now the investigation is 
expanding into the actual lipidome including lipid composition, alteration and interaction 
with other metabolites [99, 100]. However, to fully understand the lipidome and how it 
works, studies will have to not only focus on breast cancer samples, but also on normal 
mammary tissue or cells. Understanding how cells differentiate, in order to provide 
relationships between differentiation stage and breast cancer subtypes will be off great 
value. As such, lipids, particularly, phospholipids may become keypoints in the 
development of new therapies as well as prognostic predictors or even biomarkers for 
breast cancer.  
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IV. Conclusion 
 
We suggested that there might be alterations of the PL classes in different stages of 
differentiation, as a result of the process taking place in the membrane such as cellular 
polarization, EMT and MET. Phosphorous quantification of the PL classes revealed that 
PE levels increased along with the differentiation process, SM were also found to 
significantly increase in DIF cells and CL decreased in Pre-DIF cells. By HPLC-MS, the 
PL profiles of the distinct PL classes were obtained for the three differentiation conditions. 
Differences in profile of PCs, LPCs, SMs, PEs, PSs, PIs and PGs species were observed. In 
general, it was found that in the initial stage, SC-L, PLs were characterized by low 
unsaturation and shorter fatty acid chain length, while for a differentiated state, such as 
Pre-DIF and DIF, PLs showed more unsaturations and longer fatty acid chain length.  
A method of fatty acid quantification by GC-FID was also explored. However 
some difficulties were found. The C20 and C22 fatty acids, identified by MS analysis 
weren’t detected in the sample, maybe for its low abundance. Thus, the only fatty acids 
analyzed were C16 and C18, and the relation among them in their saturated and 
unsaturated forms. Still, for the monounsaturated species (16:1 and 18:1) low amounts 
were found, which is odd since MS identification showed them to be in almost the same 
abundance as 16:0 and 18:0. Furthermore, in all the classes examined a distinctive 18:3 
fatty acid amount was found. Nevertheless, this is a fast method for fatty acid 
quantification; it is very simple and does not utilize many materials or reagents. As such, if 
improved it might be of great value to the fatty acid analysis of the PLs. 
This work presents new information on PLs and mammary epithelial cells which 
was, to our best knowledge, lacking. From this, new studies may arise as to intent to 
understand the differentiation process and the PL changes associated with this process. 
Furthermore, this may be an important step in the attempt to establish relations among 
normal mammary epithelial cell lineages and breast cancer subtypes. From these relations 
new therapeutic opportunities or prognosis biomarkers for breast cancer may be disclosed.  
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